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Celsior, Perfadex and St Thomas hospital (ST) solutions are widely used to 
preserve the donor hearts or lungs in combination with hypothermia in the heart or 
lung transplantation surgery. Endothelium plays an important role in regulating 
vascular tone through various vasoactive agents, including nitric oxide (NO), 
endothelium-derived hyperpolarizing factor (EDHF)，and prostacyclin (PGI2). The 
present study focuses on the effects of organ preservation solutions on endothelial 
function in resistance coronary or pulmonary arteries. We aimed to investigate the 
cellular electrophysiological and mechanical effects of 1) Celsior solution on the 
EDHF-mediated function with comparison to ST solution in resistance coronary 
arteries and 2) Perfadex solution on the EDHF-mediated function with comparison 
to Celsior solution in resistance pulmonary arteries. 
Isometric force study was performed in a two-channel myograph (model 500A) 
in small porcine coronary (400-600 |im) or pulmonary arteries (500-700 i^m). The 
f 
membrane potential of a single smooth muscle cell was measured by a glass 
/ 
microelectrode in both coronary and pulmonary arteries. After cold storage in the 
organ preservation solutions at 4°C for 4 hr, EDHF-mediated function (relaxation 
, a n d hyperpolarization) was induced by bradykinin (BK) with the presence of 
indomethacin (Indo), N^-nitro-L-arginine (L-NNA), and oxyhemoglobin (HbO). 
The EDHF-mediated relaxation and the associated hyperpolarization were 
decreased significantly during and after cold storage in Celsior or ST solution at 4°C 
for 4 hr in the porcine small coronary arteries. Followed by washout with Krebs 
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within 30 min at 37°C, the EDHF-mediated hyperpolarization was restored partially. 
Both Celsior and ST solutions impaired similarly the EDHF-mediated function 
except that the recovery of the EDHF-mediated hyperpolarization from ST solution 
was slightly more rapid than that from Celsior solution. 
In porcine small pulmonary arteries, the EDHF-mediated relaxation and 
associated hyperpolarization were significantly reduced by cold storage in the 
Celsior solution at 4°C for 4 hr, followed by washout with Krebs within 45 min at 
37°C. However, no significant differences were detected with cold storage in 
Perfedax and Krebs solution (control). Therefore, compared to the Celsior solution, 
Perfadex has the better preservation effects on the protection of the EDHF-mediated 
relaxation and associated hyperpolarization in the small porcine pulmonary arteries. 
The present study has demonstrated, for the first time, the effects of Celsior 
and Perfadex solutions on EDHF-mediated cellular hyperpolarization and associated 
relaxation. It is indicated that 1) under the situation similar to the clinical setting, 
the hyperkelamic solutions, Celsior (15mmol/L) and ST (20inmol/L) solutions, 
impair the EDHF-mediated endothelial function in small coronary or pulmonary 
arteries; 2) this effect exists not only during the incubation in Celsior or ST solution 
but also exists when the solution is washed out (equivalent to the reperfusion period) 
> 
• for at least 30-45 min; 3) the effect of Celsior and ST solutions is similar except that 
the recovery of the EDHF-mediated hyperpolarization from ST solution may be 
slightly more rapid than that from Celsior solution; and 4) under the similar situation, 
the low-potassium-concentration (6mmol/L) solution, Perfadex solution, has better 
protective effects on the EDHF-mediated relaxation in small pulmonary arteries. 
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The above observations were obtained from in vitro animal studies and should be 
carefully transferred to the clinical setting. 
% 













































AA Arachidonic acid 
ACh Acetylcholine 
BK Bradykinin 
BKca Large-conductance calcium-activated potassium channels 
cAMP Cyclic adenosine monophosphate 
cGMP Cyclic guanine monophosphate 
ChTX Charybdotoxin 
COX Cyclooxygenase 
CYP Cytochrome P450 
‘ EC solution Euro-Collins solution 
EDHF Endothelium-derived hyperpolarizing factor 
EDRF Endothelium-derived relaxing factor 
EET Epoxyeicosatxienoic acid 
H2O2 Hydrogen peroxide 
HbO Oxyhemoglobin 
H-R Hypoxia-reoxygenation 




IKca Intermediate-conductance calcium-activated potassium channels 
I-R Ischemia-reperfusion 
KATP channel ATP sensitive potassium channel 
Kca ‘ Ca2+-activated K+ channel » 
“ Kir Inward rectifier K+ channels 
Kv Voltage-dependent K+ channel 
L-NNA N^-nitro-L-arginine 
NO Nitric oxide 




PKA Protein kinase A 
PKG Protein kinase G 
PLC Phospholipase C 
sGc Soluble guanylyl cyclase 
SKca Small-conductance calcium-activated potassium channels 
ST solution St. Thomas Hospital solution 
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Chapter 1 General Introduction 
Chapter 1 
General Introduction 
Endothelium is located at the interface between the blood and the underlying 
vascular cells and plays an important role in modulating blood coagulation, 
fibrinolysis, and lipoprotein metabolism as well as coordinating the interaction 
between platelet / leukocyte and the vessel wall. Further, it is well known that 
endothelium is considered to be important in regulating the vascular tone (Furchgott 
& Vanhoutte，1989; Vanhoutte, 1989). In cardiopulmonary surgery, dysfunction of 
endothelium function may lead to an increase of capillary permeability and organ 
edema, to vasospasm, and to microvascular hypoperfusion and early organ 
dysfunction (Robson, et al.，1995; Pinsky, 1995). However, during cardiac or 
pulmonary transplantation surgery, the endothelium of the donor heart or lung is 
inevitably exposed to organ preservation solutions and subjected to 
ischemia-reperfusion injury; the latter has been demonstrated to be harmful to the 
I 
endothelial function (Pearl et al, 1994; Sellke et al, 1993). Due to the important 
role of endothelium in post-operative cardiac or pulmonary function, prevention of 
endothelial dysfunction becomes an essential clinical issue with the goal of > 
"perfect" heart or lung protection in modem heart and lung transplantation surgery. 
1.1 Endothelial function in the regulation of vascular tone 
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Endothelial cell is a single-cell lining covering the internal surface of blood 
vessels and plays a key role in the control of local hemodynamics. In 1980， 
Furchgott and Zawadzki demonstrated that the relaxation in isolated arteries to 
acetylcholine (ACh) requires the presence of endothelial cells (Furchgott & 
Zawadzki, 1980). Since then, many investigators have repeated the similar 
observation in a variety of blood vessels with a number of vasoactive agents 
(Furchgott and Vahoutte 1989; Moncada et al, 1991) and found at least three 
different factors released by endothelium to control the local hemodynamics, 
including nitric oxide (NO), prostacyclin (PGI2) (Moncada et al., 1976; Moncada 
and Vane, 1979; Furchgott and Zawadzki, 1980; Palmer et al.，1987,1988) and a 
chemically unidentified endothelium-derived hyperpolarizing factor (EDHF) 
(Furchgott and Vanhoutt, 1989; Komori and Vaiihoutte,1990; Feletou and 
Vanhoutte，1996; Mombouli and Vanhoutte,1997). 
1.1.1 NO 
In 1980, Furchgott and Zawadzki demonstrated that the relaxation of 
I 
isolated rabbit aorta to ACh requires the presence of endothelial cells and they 
attributed this relaxation to endothelium-derived relaxing factor (EDRF) (Furchgott 
and Zawadzki, 1980). Since then, many studies have been done to identify the 
> 
pharmacological characters of the EDRF. It was found that similar as exogenous 
nitrovasodilators, EDRF causes relaxation of vascular smooth muscle by activating 
soluble guanylate cyclase (sGC) with increased level of cyclic guanosine 
monophosphate (cGMP) (FOstermann et al. 1986d, Ignarro and Kadowitz 1985， 
Rapoport and Murad 1983). Another study showed that superoxide anion 
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scavenges EDRF，as it does to NO (Rubanyi and Vanhoutte 1986). Based on their 
very similar pharmacological profiles, EDRF was proposed to be NO, or a closely 
related compound (Ignarro 1987; Palmer 1987; Furchgott and Vanhoutt, 1989; 
Myers, 1989; Moncada, 1991). 
NO is a relatively stable gas and has been used clinically since the 1870s for 
angina pectoris with no understanding of its mechanism of action. Until more than 
one hundred year later, these nitrovascodilators were testified to be converted to NO 
that activates sGC from most tissues examined (Arnold,'1977). NO can easily 
diffuse through the cell membrane and play an important role in many physiological 
processes, such as regulation of vascular tone, neurotransmission, and various 
homeostatic events (Nathan and Xie, 1994). L-arginine is a substrate for nitric 
oxide synthesis (NOS). NOS metabolizes L-arginin into NO and L-citrulline. 
L-arginine reserve is accumulated from extracellular space and by intracellular 
synthesis. The competitive analogoue of L-arginine, such as N^-nitro-L-arginine 
(L-NNA), has been used to inhibit the release of NO from endothelial cells (Rees et 
t 
al, 1990). 
There are at least three NOS isoforms. NOS-1, also referred to as neuronal 
NOS (nNOS), is found in high levels in neuronal cells as well as so^ne non-neuronal 
tissue and thought to produce NO that acts as a neurotransmitter (Bredt and Snyder, 
1992). NOS-2, also referred to as macrophage or inducible NOS (iNOS), is 
induced in multiple cell types including macrophages, hepatocytes, smooth muscle 
cells, and others. The NOS-2 enzyme is the only NOS isoforai that is activated 
independent of calcium, meaning that the enzyme is always bound to 
-3-
Chapter 1 General Introduction 
calcium/calmodulin once synthesized (Nathan, 1992). NOS-3, also called 
endothelial NOS (eNOS)，was the enzyme originally found to produce EDRF 
(Nathan, 1992). Similar to NOS-1，NOS-3 is also activated by elevated 
intracellular calcium levels and calmodulin binding. Due to their constitutive 
expression and regulation by calcium/calmodulin, NOS-1 and NOS-3 have been 
commonly referred to as constitutive NOS enzymes. Endothelial NOS is an 
NADPH-dependent oxygenase that requires tetrahydrobiopterin, FAD, and FMN as 
co-factors (Moncada et al., 1991) in endothelial cells, the enzyme is localized 
preferentially in caveolae following post-translational acylation (Michle et al, 1997; 
Feron et al, 1998). In this configuration, NOS is negatively regulated by caveolin. 
However, stimulation of endothelial cells by agonists such as bradykinin (BK) 
dissociates the c a v e o l i n / N O S complex and allows binding and activation of NO 
synthesis by calcium/calmodulin (Michel et al, 1997; Feron et al, 1998). 
NO dififtises through the endothelial cell membrane to reach the underlying 
smooth muscle cell layer and mediates the relaxation of vascular smooth muscle 
t 
through the cGMP-PKG-dependent pathway. Stimulation of sGC in smooth 
muscle cells consequently increases the production of cGMR cGMP activates 
cyclic GMP-dependent protein kinase G (PKG) which leads to decreasing cytosolic > 
Ca2+ levels in smooth muscle cells and to inhibition of the contractile machinery 
(Lincoln etal，1994) (Fig 1.1). 
The second mechanism of endothelium-dependent relaxation may be 
mediated by hyperpolarization of the membrane of the smooth muscle cell (Cohen 
and Vanhoutte, 1995). PKG phosphorylates K+ channels, such as 
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large-conductance calcium-activated potassium channels (BKca), to induce the 
hyperpolarization and therefore inhibit the constriction of vessels (Lincoln et al, 
1994). In addition, ATP sensitive potassium channels (KATP) appear to be activated 
by NO, through a cGMP-dependent mechanism (Kubo et al, 1994; Murphy and 
Brayden, 1995a). Apart from the cGMP-dependent manner, Bolotina et al 
demonstrated that NO can directly activate Ca^"^-activated K+ channels (Kca) and 
increase the outward potassium current of vascular smooth muscle (Bolotina et al, 
1994) (Fig. 1.1). 
1.1.2 PGI2 
PGI2 was the first vasodilator discovered that is released by vascular 
endothelium. In 1976, Moncada and associates discovered a prostaglandin 
generated by vascular tissue that could induce relaxation when applied to contracted 
strips of artery (Moncada et al., 1976) and this was later identified as PGI2 (Johnson 
et al, 1976). Subsequent studies have shown that, although both the smooth 
muscle and the endothelium are capable of generating PGI2, endothelial cells 
» 
release about 70% of basally produced and in excess of 90% of stimulated PGI2 
(Moncada et al, 1977; Eldor et al, 1981; Nebigil and Malik, 1993; Magness and 
Rosenfeld, 1993). 
» 
. PGI2 is the major product of vascular cyclooxygenase (COX) (Fig 1.1). It 
is not only a potent inhibitor of platelet aggregation but also possesses vasodilator 
properties. PGI2 causes relaxation of vascular smooth muscle by activating 
adenylate cyclase and consequently increases the production of cyclic adenosine 
monophosphate (cAMP) (Miller et al, 1979). The protein kinase A (PKA) 
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activated by increased cAMP enhances the activity of calcium pump in the plasma 
membrane, which leads to the reduction of concentration of cytoplasmic free 
calcium (Bukoski et al, 1989) and to inhibition of the vasoconstriction (Fig 1.1). 
PGI2 can hyperpolarize vascular smooth muscle. In guinea-pig coronary 
arteries，the hyperpolarization caused by PGI2 can be as large as 20 mV (Parkington 
et al, 1993). Prostacyclin-receptors are coupled to adenylate cyclase to increase 
cAMP. This in turn stimulates KATP to cause hyperpolarization of smooth muscle 
and to inhibit the development of contraction (Parkington et al, 1995). Apart from 
this, BKca can be activated by a mechanism involving 
cAMP-dependent-PKA-induced phosphorylation of the channels (Schubert et al, 
1996; Schubert et al, 1997; Clapp et al, 1998). In addition, a recent study also 
suggested that PGL2-induced relaxation was partially mediated by the activation of 
both Kca and Voltage-dependent K+ (Ky) channels in rabbit cerebral arteries (Dong 
et al., 1998) (Fig. 1.1). 
1.1.3 EDHF 
1 
In 1984，Bolton and associates have found that stimulation of vascular 
endothelium can evoke hyperpolarization and relaxation of the smooth muscle in 
the guinea pig mesenteric artery (Bolton et al., 1984). Since then many 
. investigators have repeated the hyperpolarization phenomenon in various blood 
vessels. In 1988，Feletou and Vanhoutte (Feletou and Yanhoutte, 1988) described 
endothelium-dependent hyperpolarization of vascular smooth muscle cells and 
postulated the existence of EDHF. Although numerous investigations have been 
conducted to identify the nature of this factor, the chemical characters of EDHF 
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have not been clearly identified. The proposal of EDHF candidates must meet 
three criteria. First, the candidate should mimic the effect of the 
endothelium-dependent vasodilators, such as ACh and BK. Second, the 
endothelium should have the ability to synthesize the proposed mediator, which 
should be dose-dependently released in response to vasodilator agents in 
concentrations sufficient to elicit hyperpolarization and relaxation of the vascular 
smooth muscle. Third, the vasorelaxant effect should be modified by interventions 
that affect the synthesis, release, or effect of the putative mediator (Vanhoutte, 
1998). Based on these principles, several substances have been suggested to be 
the candidates proposed for the nature of EDHF, including epoxyeicosatrienoic 
acids (EETs) (Fisslthaler et al., 1999)，metabolites of arachidonic P450 epoxygenase 
pathway, K+ ions (Edwards et al., 1998)，hydrogen peroxide (H2O2) (Matoba et al, 
2000)，and electrical communication through myoendothelial gap junctions 
(Yamamoto et al, 1998; Edwards et al, 2000). These studies have shown that more 
than one EDHF exist and the contribution of each EDHF to endothelium-dependent 
1 
relaxation may vary depending on the species tested and the vessels used. 
EETs 
In endothelial cells of coronary, cerebral, and renal artery, a number of 
• enzymes, including COX, lipoxygenase, and cytochrome P450 epoxygenases 
(CYP), can metabolize arachidonic acid (AA) into products that affect the 
vasculature. Inhibitors of CYP were recognized early on to inhibit the 
endothelium-dependent relaxation, and the product of this enzymes, EETs (5，6-; 8， 
9-; 11，12- and 14，15-EET), were shown to play an important role in the regulation 
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of vascular homeostasis (Fisslthaler et al, 1999). Considerable evidence has been 
accumulated in support of the hypothesis that EETs are EDHF in at least some 
vascular beds (Campbell & Harder，1999). In porcine coronary arteries, Popp et al 
detected transferable 'EDHF' by bioassay that was able to hyperpolarize smooth 
muscle cells and demonstrated that the effects of this putative factor were inhibited 
by the CYP inhibitors clotrimazole and 17-octadecynoic acid. The study have 
shown that the CYP product 5, 6-EET induced a hyperpolarization of smooth 
muscle cells. In addition, the induction of CYP activity by beta-naphthoflavone 
significantly enhanced the endothelium-dependent hyperpolarization response 
(Popp et al, 1996). Further, Gauthier and associates demonstrated recently that 
with inhibition of specific EET antagonist 14，15-EEZE, in bovine coronary arteries, 
the EDHF component of the relaxation induced by methacholine, BK, and AA and 
the hyperpolarization in response to BK were significantly inhibited (Gauthier et al, 
2002). 
In general, EETs are expected to relax coronary arteries and hyperpolarize 
I 
smooth muscle cells by increasing the open-state probability of Kca channels that 
are sensitive to tetraethylammonium, ChTX, or iberiotoxin (Campbell et al, 1996; 
Fulton et al, 1998; Fisslthaler et al, 1999). It should also be noted that EETs have 
been reported to promote endothelial cAMP synthesis via activation of adenylyl 
cyclase (Node et al, 2001; Popp et al, 2002). In porcine coronary endothelium, BK 
promotes endogenous synthesis of 11，12-EET and enhances inter-endothelial gap 
junctional communication through signaling pathways. In this pathway, the 
cAMP-dependent PKA-mediated phosphorylation events have been involved and 
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are activated by exogenous 11，12-EET (Node et al, 2001; Popp et al, 2002) (Fig 
1 . 1 ) . 
Although studies have supported that EETs are candidates of EDHF, the 
hypothesis that a CYP product functions as an EDHF has still been challenged for 
several reasons. The first reason to question the EETs as EDHF is the fact that 
some CYP inhibitors possess non-specific action and may directly inhibit K+ 
channels. Edwards et al (Edwards et al, 1996) have reported that miconazole and 
other imidazoles are non-specific inhibitors of CYP and also block K+ channels. 
Vanheel et al have also provided similar data and clearly indicated the need to 
verify the specificity of the pharmacological probes used in such studies (Vanheel et 
al，1999). Another reason to question EETs as EDHF is that besides 
endothelium-derived EETs, there is another kind of CYP metabolite that is 
produced in the smooth muscle cell of blood vessels. In rat mesenteric arteries, 
some studies have found that CYP inhibitors 17-octadecynoic acid and 
1 -aminobenzotriazole did not alter ACh-induced hyperpolarization (Fukao et al, 
T 
1997; Vanheel & Van de Voorde，1997). Similarly, in the guinea-pig carotid 
artery, the ACh-induced hyperpolarization was not affected by SKF525A, 
clotrimazole, and 17-octadecynoic acid (Corriu et al, 1996). The studies have 
shown' that a CYP 4A isozyme metabolizes AA into 20-hydroxyeicosatetraenoic 
acid (20-HETE), which inhibits the opening of the Kca channel, depolarizes the cell, 
increases the intracellular calcium, and contracts the smooth muscle with 
comparison to EETs (Ma et al, 1993; Harder et al, 1994; Zou et al, 1996). 
Therefore, the vascular effect of CYP inhibitors depends on which CYP pathway 
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(constrictor or dilator) predominates. An additional problem in accepting that an 
EET may be an EDHF is that although EET can hyperpolarize smooth muscle, they 
seem to do so via the activation of iberiotoxin-sensitive BKca channels (Hu and 
Kim. 1993)，whereas the hyperpolarization mediated by ACh is usually only 
significantly inhibited by a combination of ChTX and apamin (Edwards et al, 
1998). 
Potassium ion 
Several studies have supported the proposal that K+ is EDHF in some vessels 
(McGuire JJ et al, 2001; Ding H et al, 2003). In the rat tail and femoral artery as 
well as the dog mesenteric artery, reintroduction of low concentration of K+ into a 
K+-free solution leads to relaxation of vascular smooth muscle. The relaxation is 
considered to be caused by membrane hyperpolarization resulted from the enhanced 
activity of Na+-K+ ATPase (Bonaccorsi et al, 1977; Webb & Bohr; 1978). In 1998， 
with inhibition by the combination of barium and ouabain, Edwards et al. showed 
that myocyte hyperpolarizations to both EDHF (which were inhibited by 
I 
chaxybdotoxin (ChTX) plus apamin) and 5mM (K"^ could be abolished. This 
strongly suggests that myocyte Na+/K+-ATPases and inward rectifier K+ channels 
(KIR) are involved in both responses (Edwards et al, 1998) (Fig 1.1). Additionally, 
. Edwards et al measured potassium concentration in the extracellular space between 
endothelial and vascular smooth muscle cells in rat hepatic artery with a 
K+-sensitive microelectrode and reported an ACh-mediated increase in K+ elevates 
from 4.6 to 11.6 mmol/L (Edwards et al, 1998). This value is remarkably similar 
to that of the potassium ion as a vasodilator detected in the venous outflow from 
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cerebrovascular and skeletal muscle vascular beds (Edwards et al, 1998; Kjellmer et 
al, 1965; Laurell et al, 1996). Furthermore, Beny and Schaad also proposed that in 
the porcine coronary artery, EDHF is IC+ released by endothelial cells and that this 
ion hyperpolarizes and relaxes smooth muscle by activating the Na+-K+-ATPase 
(Beny & Schaad，2000). 
Although these studies suggested that endothelium-derived K+ is indeed an 
intravascular hyperpolarizing factor, the hypothesis that “K+ is the universal EDHF" 
is still challenged (Quilley et al, 2000). Firstly, the observations of Edwards and 
associates were mostly based on electrophysiological experiments. Using 
organ-bath technique, K+-induced vascular relaxation was not readily achievable 
(Doughty et al, 2000; Lacy et al, 2000) and K+-induced hyperpolarizations were not 
always observed (Quignard et al, 1999 and Coleman et al, 2001a). Further, 
Barium and ouabain reversed K^-mediated vasorelaxation whereas EDHF response 
was insensitive to the combination of barium and ouabain in the human 
subcutaneous artery and the porcine coronary microartery (Coats et al” 2001; 
I 
Matoba et al, 2003). The above studies have suggested that although low 
concentration of K+ may be a contributing factor to EDHF-mediated relaxation in 
some vascular beds, K+ is unlikely to be the primary mediator in all vessels. 
H262 
H2O2，a reactive oxygen species, could be produced by superoxide anion and 
potential sources of endothelial superoxide anion generation, including eNOS， 
phospholipase A2, lipoxygenase, P450 monooxygenase, and NADPH oxidases (Li 
& shah，2004; Ullrich & Bachschmid，2000). It has been demonstrated to elicit 
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vascular relaxation / hyperpolarization in pulmonary and cerebral arterioles and 
porcine coronary arteries (Burke & Wolin，1987; Sobey et al, 1997; Barlow & 
White, 1998; Hayabuchi et al, 1998). In recent years, studies have demonstrated 
that endothelium-derived H2O2 is an EDHF in mouse and human mesenteric arteries 
and in porcine and canine coronary microvessels (Matoba et al, 2000; Yada et al, 
2003). Miura et al also have reported that H2O2 may be an EDHF in the human 
coronary microvessels (Miura et al, 2003). Through stimulating small mesenteric 
arteries of mice with ACh, Matoba and coworkers demonstrated that the 
endothelium produced H2O2 under laser confocal microscope with 
peroxide-sensitive fluorescence dye (Matoba et al, 2000). Recently it was 
suggested that H2O2 may act as an EDHF and contribute to the flow-induced 
dilatation in human coronary arterioles (Liu et al , 2003; Miura et al., 2003). 
The mechanism of HzOz-induced relaxation / hyperpolarization is complex 
and depends on the blood vessel used and the type of vascular cells examined. In 
porcine coronary arteries, H2O2 activates Kca channels either by direct modulation 
I 
of the channels or by a cGMP- (Hayabuchi et al, 1998) or lipoxygenase-mediated 
mechanism (Barlow and White et al, 1998; Barlow et al, 2000). In rat cerebral 
arterioles, H2O2 also activates Kca channels and causes relaxations (Sobey et al, 
> 
‘1997). In contrast, H2O2 activates KATP channels to cause relaxations in cat 
cerebral arterioles and piglet pial arterioles (Wei et al, 1996; Lacza et al, 2002). In 
mouse mesenteric arteries, H2O2 activates tetrabutylammonium-sensitive Kca 
channels to cause relaxations and hyperpolarizations of endothelium-stripped 
vascular smooth muscle, as is the case with endogenous EDHF (Matoba et al, 
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2000). In human coronary microvessels, Kca channels sensitive to ChTX plus 
apamin are activated by H2O2 as an EDHF (Miura et al, 2003). It is also reported 
that H2O2 elicits hyperpolarization of human endothelial cells by activating Kca 
channels on those cells (Bychkov et al, 1999). Thus, it remains to be examined in 
future studies which type of K+ channels is involved, which type of the cell is 
hyperpolarized, and whether H2O2 directly activates the channels or indirectly does 
so through second messengers. 
However, catalase, a specific inhibiter of H2O2, has been reported failed to 
inhibit EDHF-mediated response in the porcine coronary artery (Beny and von der 
Weid, 1991; Pomposiello et al.，1999)，the rabbit ilio-femoral artery (Chaytor et 
al.，2003), and the human radial artery (Hamilton et al.，2001), indicating that 
H2O2 may not be EDHF, at least in certain vessels. 
Possible mechanisms involved in the EDHF-mediated function 
Endothelial K+ channels have been implicated widely in 
endothelium-dependent vasodilation. The opening of K+ channels was initially 
I 
considered to cause endothelial cell hyperpolarization. This in turn facilitates Ca:. 
influx in these cells by increasing the driving force for this cation and enhances the 
production of the endothelium-dependent vasodilators, NO and PGI2, and EDHF, » 
by increasing the concentration of cytoplasmic free Ca^^. So far, the unidentified 
nature of EDHF has been an obstacle to the study of the mechanisms that underlie 
the EDHF hyperpolarization and relaxation. Most studies have relied on a 
pharmacological approach in which interpretations of results can be confounded by 
limited specificity of action of the drugs used. Nevertheless, small-, intermediate-
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and large-conductance Ca^"^-activated K+ channels (SKca, IKca and BKca, 
respectively) have been implicated in the ionic mechanisms underlying EDHF 
(Cowan CL et al, 1993; Petersson J et al, 1997; Adeagbo ASO et al, 1993) whereas 
the involvement of KIR and Na+/K+-ATPase have also been suggested (Nelson et al, 
1995; Prior et al, 1998). There are currently three main possibilities as to the 
mechanism of EDHF, which are not mutually exclusive but may represent 
differences among species, vascular beds, and endothelial stimulants. The first 
possibility is that EDHF represents endothelial hyperpolarization generated by the 
activation of Kca that spreads passively via myoendothelial gap junctions to result 
in hyperpolarization of the smooth muscle cells (Beny, 1997; Chaytor et al, 1998; 
Edwards et al, 2000). According to this, endothelial K+ channels would influence 
smooth muscle contractile activity by reducing Ca^ "^  influx via voltage-operated 
Ca2+ channels and by suppression of key enzymes involved in agonist-induced 
transduction pathways (Ganitkevich and Isenberg，1993 ； Itoh et al, 1992). Another 
possibility is that EDHF is a product of the CYP pathway, such as an EET and, 
I 
because EET can activate BKca，it has been inferred that EDHF evokes 
hyperpolarization via the activation of BKca channels on the smooth muscle cells 
(Hecker et al，‘ 1994; Campbell et al, 1996; Fisslthaler et al, 1999). The third > 
• possibility is that K+ efflux from endothelial cells via IKca and SKca activates Km 
and the Na+/K+-ATPase on the smooth muscle cells (Edwards et al, 1998). Thus, 
different ionic mechanisms have been proposed to underlie the actions of EDHF 
(Fig 1.1). 
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Although it is uncertain whether EDHF with chemical characters could go 
through gap junctions to act on smooth muscle, studies have shown that the spread of 
an electric current through myoendothelial gap junction may be related to the EDHF 
phenomenon in some vascular beds. In submucosal arterioles of the guinea-pig 
small intestine, ACh induces outward currents in endothelial cells and smooth 
muscle cells that are blocked by the combination of ChTX and apamin. After the 
administration of blockers of gap junctions, ACh elicits an outward current in 
endothelial cells but no longer in the smooth muscle cells, which suggests that the 
two cell types are connected electrically and form a functional syncytium 
(Yamamoto et al，1999; Coleman et al, 2001b). In other microcirculatory beds, 
such as the retractor muscle of the hamster, an electrotonic current spread from 
endothelial cells to smooth muscle cells seems to be the most likely explanation of 
the EDHF phenomenon (Emerson and Segal, 2001). Although this hypothesis is 
supported by accumulating studies, it is difficult to clarify due to the following 
reasons. First, the permeability of gap junction to some substances, including 
I 
several candidates of EDHF is doubtful. The gap junctions formed by connexins 
are permeable to ions and small molecules with diameters of 1.5 nm or less, for 
example, Ca^ "", K+，cAMP, cGMP, IP3，and NO (Christ et al, 1996; Kumar & Gilula^ > 
1996)，but not permeable to lipophilic EETs and other mediators with large 
molecular weight and lipophilic properties. Second, despite of some evidence 
indicating that gap junctions play an important role in EDHF-mediated function in 
various vessels (Hutcheson et al, 1999; Harris et al, 2000; Chaytor et al, 2001; Taylor 
et al, 1998; Edwards et al, 2000), it remains unclear which of these junctions are 
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involved in the mechanism of chemical candidates of EDHF. Therefore, the more 
reasonable explanation may be that EDHF-mediated function is the result of the 
combination of direct electric conduction and chemical mediators (Fig. 1.1) 
I 
> 
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Fig. 1.1 Schematic demonstration of the pathway of nitric oxide (NO), prostacyclin 
‘(PGIi), and endothelium-derived hyperpolarizing factor (EDHF)-mediated 
endothelium-dependent relaxation. NO mediates the relaxation of vascular smooth 
muscle through the cGMP-PKG-dependent pathway, while PGI2 is through 
cAMP-PKA-dependent pathway. EETs, K+，and electrical communication 
through myoendothelial gap junctions, as the candidates of EDHF, decrease the 
[Ca2+]i in smooth muscle cells through different mechanisms and ultimately relax 
the smooth muscle. SKCA, IKCA, BKCA, KM, and KATP have been reported to be 
involved in these mechanisms. 
BKca： large conductance calcium-activated potassium channel; IKca: Intermediate 
conductance calcium-activated potassium channel; SKca: small conductance 
calcium-activated potassium channel; Kir: Inward rectifier potassium channel; KATP： 
ATP-sensitive potassium channel; cAMP: cyclic 3，，5，-adenosine monophosphate; 
cGMP: cyclic 3', 5，-guanosine monophosphate; EET: epoxyeicosatrienoic acid. 
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1.2 Alteration of endothelial functions after preservation with 
Cardioplegia/organ preservation solutions in the coronary and 
pulmonary microcirculations 
In cardiac surgery, the heart is usually arrested and thereby it is inevitably 
subjected to ischemia and subsequent reperfusion injury. Due to this reason, 
cardioplegia / organ preservation solutions were initially developed in order to 
protect the heart / lung by controlling the risk factors involved in ischemic and 
reperfusion injury. Although the composition varies in the different cardioplegia / 
organ preservation solutions, the strategy involved in myocardial protection is 
similar. First, immediate arrest induced either by K+，Mg2+，procaine, profound 
hypocalcemia or a combination of these modalities reduces oxygen demand to 
conserve the myocardial energy reserves, which can be utilized during the period of 
ischemia to maintain ionic and metabolic homeostasis, consequently leads to the 
better tolerance to ischemia. Second, reduction of myocardial temperature during 
arrest or storage lowers metabolic rate during ischemia. Third, supplementation of 
glucose and amino acid (i. e. glutamate or aspartate) enhances anaerobic or aerobic 
energy production (or both) with a buffer such as tris (hydroxymethyl) aminoethane, 
.bicarbonate, phosphate, and histidine and optimizes stabilization provided by 
exogenous additives (i. e. steroids, procaine, oxygen radical scavengers, and Ca^ "^  
1 
antagonists), hypocalcemia or enrichment of Mg may counteract the myocardial 
injury during ischemia and reperfusion. Last, addition of osmotic agents such as 
mannitol and adjustment of infusion pressure will limit myocardial edema and 
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prevent the occurrence of "no-flow phenomenon" (Allen and Buckberg, 1999). In 
the past decades, studies have shown that the ischemia-reperfusion injury is not only 
harmful to myocardium, but also to the coronary circulation (Hashimoto et al, 1991; 
Jorge et al, 1997). Similarly, the ischemia-reperfusion injury also impairs the 
pulmonary circulation in lung transplantation (Kimblad et al, 1994). The damage of 
coronary/pulmonary circulation subsequently reduces the blood flow, which may 
further damage the myocardial / lung function. This in turn ultimately leads to 
impaired post-operative performance. The application of cardioplegia / organ 
preservation solutions in cardiopulmonary surgery, on the one hand, do alleviate the 
impairment of myocytes / lung parenchymal cells, but on the other hand, is 
unfavorable to the function of coronary or pulmonary arterial endothelium (He et al, 
1996a，1996b，1997a, 1997b; Zou et al, 2003; Zhang et al, 2004). 
I 
> 
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Table 1.1 The composition of organ preservation solutions 
Composition Kiebs ST Celsior Perfadex 
Na+(mmol/L) 143.4 138 100 138 
K+(mmol/L) 5.9 20 15 6 
C a 2 + ( m m o l / L ) 2 .5 2 . 7 0 . 2 6 0 . 2 7 
Mg2+(mmol/L) 1.2 16 13 0.8 
Cr(mmol/L) 128.7 157 41.5 142 
HC03"(inmol/L) 25 8 -- -
S04^"(inmol/L) 1.2 - 0 0.8 
H2P04'(mmol/L) 1.2 -- 0 0.8 
HP04^"(mmol/L) - -- -- --
Procaine (mmol/L) ~ 1 ~ --
Glucose (mmol/L) 11.1 - 0 5 
Lactobionic acid (g/L) - - 80 -
Lactate (g/L) -- 28 -- --
THAM (mmol/L) -- - -- 1 
Dextran 40 (g/L) - - - 50 
Histidine (mmol/L) — ~ 30 ~ 
.Manni to l (mmol/L) - ~ 60 ~ 
Glutathione ~ -- 3 — 
Glutamate -- -- 20 ~ 
Osmolaritv 
• 319 370 360 325 
(mdsmol/kg) 
Preservation of Heart 
Preservation of Lung 
ST: St. Thomas Hospital solution 
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1.2.1 Cardioplegia / organ preservation solutions 
Celsior solution 
Celsior solution, a high sodium, low potassium extracellular-type solution, 
was formulated specifically for heart preservation and was designed to prevent the 
cell swelling (by mannitol and lactobionate), oxygen-derived free radical injury (by 
reduced glutathione, histidine and mannitol), and contracture by enhancement of 
energy production (glutamate) and limitation of calcium overload (high magnesium 
content, slight degree of acidosis) (Menasche P et al, 1994) (see Table 1.1). 
Comparing with other widely used preservation solutions, clinical trials have 
supported that the use of Celsior solution in cardiac transplantation was safe and 
effective (Remadi et al, 2002) and it allowed for better post transplant heart 
recovery (Garlicki et al, 2003). In recent years Celsior has also been developed to 
be one of the alternative solutions for the improvement of lung preservation. 
Compared to Euro-Collins (EC) solution and Histidine-Tryptophan-Ketoglutarate 
solution (HTK) solution, the classical lung preservation solutions widely used in 
lung transplantation, Celsior is an extracellular solution which has significantly 
reduced the ischemia/reperfusion (IR)-induced pulmonary damage in animal studies. 
However,.surfactant function was not well preserved by this solution, as expected 
(Wamecke G et al, 2002). 
Perfadex solution 
Perfadex, a low-potassium dextran solution, is widely used in the human lung 
transplantation surgery (Table 1.1). Experimental lung preservation has shown 
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that Perfadex can preserve donor lungs in good condition throughout the 24-hour 
observation period (Steen et al, 1994). These results were confirmed in clinical 
lung transplantation. Compared to EC solution, a reduction of perioperative 
mortality and morbidity in clinical trials have suggested that Perfadex provides 
superior maintenance of graft function after pulmonary transplantation and also 
results in better long-term survival (Muller C et al, 1999; Struber M et al, 2001). 
St. Thomas Hospital (ST) solution 
ST solution has been well studied for many years. Similar to Celsior 
solution, ST is an extracellular type of solution that was first designed as 
cardioplegia (Table 1.1). Subsequently the discovery of its efficacy in heart 
storage promotes its application in the filed of donor heart preservation (Wheeldon 
et al, 1992; Demertzis et al, 1993). 
1.2.2 Effect of cardioplegia / organ preservation solutions on endothelial 
function 
, During the preservation of donor heart or lung, the coronary or pulmonary 
vascular endothelium inevitably contacts with cardioplegia / organ preservation 
solutions directly and this brings out considerations regarding the effect of these 
solutions on the endothelial function. Although a few studies have shown the 
protection of these solutions on endothelial function (Perrault et al, 2001 Alamaimi et 
al, 2002), numerous other studies provided convincible evidence that exposure to 
cardioplegia / organ preservation solutions may damage the endothelial function. 
More and more experiments have been conducted to investigate the effect of these 
- 2 2 -
Chapter 1 General Introduction 
solutions on individual vasodilators released by endothelium, i.e., NO and EDHF 
(He et al, 1996，1997a，1998; Ge et al, 1999，2000a; Yang et al, 2002a, 2002b; Zhang 
etal, 2004). 
1.2.2.1 Effect of K^ on endothelial function 
K+ is the most common ion contained in different cardioplegia / organ 
preservation solutions. In cardiac surgery, the high concentration of K+ (about 20 
mM) arrests the heart to reduce oxygen demand and myocardial edema caused by 
ischemia-reperfusion injury. The concentration of K+ varies in different solutions. 
For example, it is as high as 125 mM in University of Wisconsin (UW) solution 
whereas only 20 mM in ST and 15 mM in Celsior solution. In comparison, 
Perfadex solution (only used in lung preservation) contains only 6 mM K+ (Table 
1.1). As mentioned before, particular attention has been paid to the effects of this 
ion on the endothelial function in the past decades. However, up to date, little 
direct evidence has been shown that exposure to hyperkalemia reduces the 
production of NO (He et al, 1995) while the reduction of NO is obviously due to 
ischemia-reperfusion injury (Seccombe and Schaff, 1995; Engelman et al, 1995; 
Tiefenbacher et al, 1996). In contrast, compared to NO, the EDHF-mediated 
function has been demonstrated to been impaired by high concentrations of K+ (He et 
> 
• al, 1996，1997a，1997b; He & Yang，1996; Ge et al, 2000a; Zou et al, 2003; Zhang et 
al, 2004; Wu et al 2005). With inhibition by indomethecin (Indo) and L-NNA, the 
endothelium-dependent relaxation and hyperpolarization to a number of EDRF 
stimuli are impaired by incubation with K+ ranging from 20 to 125 mM, which has 
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been demonstrated in porcine and human coronary arteries in our laboratory (He, 
1997; He & Yang，1996，1998; He et al, 1996，1997). Our laboratory also 
demonstrated that L-NNA cannot abolish the production of N O , addition of 
oxyhemoglobin (HbO)，the scavenger of NO, is essential to exclude the effect of 
residual NO (Ge et al, 2000b). With the presence of HbO, we demonstrated again 
the negative effect of hyperkalemia on the EDHF-mediated relaxation and 
hyperpolarization in porcine coronary micro-arteries (Yang et al, 2003a). The 
mechanisms of the impaired EDHF-mediated relaxation and associated 
hyperpolarization by hyperkalemic solutions are two-fold. First, hyperkalemia 
depolarizes the coronary smooth muscle membrane that increases the difficulty to be 
hyperpolarized subsequently. Second, EDHF hyperpolarizes the vascular smooth 
muscle cell through opening K+ channels, the function of which may be altered by 
exposure to hyperkalemia (He et al, 1996,1997; He, 1999). 
1.2.2.2 Effect of other components on endothelial function 
Mg2+ is another common iron in cardioplegic/organ preservation solutions. 
Some studies have demonstrated that Mg2+ is a potent vasodilator through both 
endothelium-dependent and independent mechanisms (Mordes & Wacker，1977; 
Yang et d , 2000; Longo et al, 2001; Haenni et al, 2002). Furthermore, in cardiac 
» 
• surgery, Mg2+ contained in cardioplegia helps to achieve immediate heart arrest and 
the enrichment of Mg2+ may prevent calcium influx and thus obtain better membrane 
stabilization, avoiding unfavorable effect of hypocalcemia on sarcolemmal 
membrane (Vinten-Jobansen & Hammon，1993). In addition, our laboratory has 
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demonstrated that Mg2+ preserves the EDHF-mediated relaxation and 
hyperpolarization and restores the EDHF function impaired by hyperkalemia (Yang 
et al, 2002a). These findings have promoted the understanding of the influence of 
Mg2+-containing cardioplegic solutions on the coronary circulation. 
Local anaesthetic procaine is also contained in some cardioplegic/organ 
preservation solutions to induce asystole and obtain membrane stabilization. A 
recent study conducted in the rat aorta showed that procaine (1 mM) relaxes 
vascular smooth muscle not only in endothelium-independent but also in 
endothelium-dependent manner and this endothelium-dependent relaxation is 
closely related to NO but not PGI2 (Huang et al, 1999). However, it is unclear 
regarding the effect of procaine in cardioplegia / organ preservation solutions on the 
vascular endothelial function, in particular, the function mediated by EDHF. In 
2002, Yang and associates demonstrated that although procaine exhibits 
depolarizing effect on the porcine coronary smooth muscle cell, it does not show 
any impairment on the endothelial function related to EDHF (Yang et al, 2002b). 
I 
> 
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Chapter 2 
Materials and Methods 
2.1 Isometric force study in coronary/pulmonary resistance 
arteries 
2.1.1 Preparation of vessels 
2.1.1.1 Preparation of porcine coronary small arteries 
Fresh porcine hearts collected from a local slaughterhouse were placed in a 
container filled with cold Krebs，solution and immediately transferred to the 
laboratory. Upon receipt of the heart, intramyocardial coronary small arteries 
(usually the tertiary branches of the left anterior descending artery, diameter 400 � 
600 fim) were carefully dissected and removed under a microscope (Fig 2.1). The 
vessels were cleaned of fat and connective tissues with great care to protect the 
endothelium. The vessels were then cut into cylindrical rings of 2-inm length under 
a microscope. The whole dissecting process was performed in cold Krebs' solution 
I 
that was continuously aerated with a gas mixture of 95% O2 plus 5% CO2. The 
composition (in mM) of Krebs，solution is NaCl: 118.4; KCl: 4.7; MgS04.7H20: 1.2; 
KH2PO4： 1.2; NaHCOs: 25; (+)-Glucose: 11.1; and CaCl2.2H20: 2.5. This gives 
. the following final molar concentration (in mM): 143.4 Na+，5.9 K+，2.5 Ca^^ 1.2 
Mg2+，128.7 Cr, 25 HCO3", 1.2 SO/", 1.2 HsPCV and 11.1 glucose (see Table 1 . 1 ) . 
2.1.1.2 Preparation of porcine pulmonary small arteries 
The preparation of porcine pulmonary small arteries follows the same 
procedure as in coronary arteries. Upon receipt of the lung, pulmonary small 
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arteries (usually the second or third branches of the left or right apical lobe, 
diameter 300 � 6 0 0 |Lim) were carefully dissected and removed under a microscope 
(Fig 2.2). The vessels were cleaned of alveoli of lung and connective tissue and 
then cut into cylindrical rings of 2-mm length. 
.、 ... . . . . . • • . . . . 
• . ‘ . • . '. 
•‘ V r 
. . / / \ 
•j • I . 
• ‘ • . • ‘ 
1 
Fig. 2.1 Diagram indicating the anatomic location of porcine coronary small 
arteries used in the present study. Small porcine coronary arteries (CA) were 
usually disserted from the second or third branch of left anterior descending coronary 
artery (LAD), as indicated by the arrows. 
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Fig. 2.2 Teased lung of porcine; dorsal view. A, Apical lobe; a, apical lobe, 
cranial segment; a，，apical lobe, caudal segment. (From Sisson et al. Sisson and 
,Grossman's. The anatomy of the domestic animal, ed. Philadelphia, Saunders, 
1975，p 1295) 
> 
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2.1.2 Technique of setting up 
2.1.2.1 Mounting of small vessels 
After the vessels were dissected and cut into 2-min-length rings, they were 
mounted in a two-channel myograph (model 500A; J.P. Trading, Aarhus, Denmark, 
Fig 2.3) for isometric force study. In details, the ring was guided onto a suitable 
length of stainless steel wire (40 |Lim in diameter) through its lumen. The wire was 
fixed tightly on a jaw in the chamber of a two-channel myograph. Another wire 
was passed lightly through the lumen and then anchored to the other jaw of the same 
chamber. These two jaws were either attached to a force transducer or to a 
micrometer. An adjustable micrometer can pull the jaws apart and stretch the artery 
between the two parallel wires. A calibrated force transducer was used to measure 
the force of the vessel and the force trace was displayed on a computer with printed 
output. Data were digitized and stored in the computer. After the rings were 
mounted in the myograph, the Krebs，solution in the chambers was continuously 
aerated with a gas mixture of 95% O2 plus 5% CO2 at 37±0.1°C. 
1 
2.1.2.2 Normalization procedure for small vessels 
The arterial rings were equilibrated at 37 士 0.1 °C for more than 30 minutes. 
The wires were pulled apart in steps every minute until the passive transmural 
pressure of the vessel reached 100 mm Hg (for coronary small arteries) or 40 
mmHg (for pulmonary small arteries). The computerized program fit the points to 
an exponential curve for each ring and calculated the optimal lumen diameter, 
which was estimated to be equivalent to 90% of the diameter at a passive transmural 
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pressure of 100 mmHg (for coronary small arteries) or 40 mmHg (for pulmonary 
small arteries) (Mulvany, 1988; He et al, 1988; Zhang et al, 2004). The vessel was 
then released to the normalized value and the transmural pressure at this diameter 
was maintained throughout the experiments. Only were arterial rings with internal 
diameter of 400 to 600 |Lim (coronary small arteries) at the transmural pressure of 
100 mmHg or 300 to 600 |Lim (pulmonary small arteries) at the transmural pressure 
of 40 mmHg used. The isometric force at this setting is the "passive" or "resting" 
force in the absence of constricting tone. This method allows the vessel in vitro 
set at a physiological pressure that has been shown to allow maximum force 
generation. 
2.1.3 EDHF-mediated vasorelaxation 
2.1.3.1 Precontraction and stimuli of EDHF 
From a number of vasoconstrictors, U46619 was selected to precontract the 
vessels in this study. As a thromboxane A2 mimic, U46619 contracts the smooth 
muscle by acting on thromboxane A2 receptor and stimulating the influx of 
I 
extracellular Ca^ "^  in smooth muscle cells via both L-type and non L-type Ca2+ 
channels. In addition, a C a � . elevation-independent mechanism is also involved in 
the U466i9-induced contraction (Tosun et al, 1998). The dose of U46619 usually used 
to contract coronary and pulmonary vessels was 10 nM according to my pilot 
experiments. 
The most commonly used EDHF stimuli include ACh, SP, BK, and A23187. 
Different from A23187, which is a receptor-independent agonist, the others exert 
their effects through receptors-dependent pathways. In this study, BK was used to 
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stimulate the production of EDHF. Through interacting with B2 receptors on the 
endothelial cells, BK increases the level of intracellular free Ca^ "^  via the 
receptor-coupled G proteins, resulting in the release of a variety of vasoactive 
substances including EDHF (Baydoun & Woodward，1991; Graier et al, 1992). 
2.1.3.2 “True” response of EDHF 
Since the proposal of EDHF in vascular system, the routine way to study this 
factor distinct from NO is to inhibit the effect of PGI2 and NO with COX and NOS 
inhibitors. However, there is evidence indicating that NOS inhibitors cannot 
completely block the production of NO even at high concentrations and that the 
residual NO accounts fully for endothelium-dependent relaxation and 
hyperpolarization of the rabbit carotid artery (Cohen et al, 1997). In Simonsen's 
study, with the presence of N O S inhibitor L-NNA, additional application of HbO, a 
NO scavenger, could block the vasorelaxation and NO increase induced by ACh, 
S-nitroso-N-acetylpenicillamine (SNAP) and S-morpholino-sydnonimine (SIN-1) in 
rat superior mesenteric arteries and HbO is also demonstrated to be effective in 
I 
decreasing the NO concentration below baseline level (Simonsen et al, 1999). 
The work from our own laboratory fully supported the use of HbO in 
eliminating the effect of residual NO during the investigation of EDHF-related 
function. By directly measuring the NO concentration with a NO-specific electrode, 
we demonstrated that in porcine coronary arteries, NO release of endothelial cells 
was stimulated by BK from 9.3 ±1.7 to 166.7 ±18.3 nM, L-NNA significantly 
reduced NO concentration to 49.3 ±7.8 nM that was finally abolished by HbO (Yang 
et al, 2003a). 
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Based on all of these studies, the combination of NOS inhibitor and NO 
scavenger to eliminate the effect of NO is essential for revelation of the "true 
response of EDHF" in endothelium-dependent vascular relaxation and 
hyperpolarization. This principle was followed in the experimental design in this 
study. 
2.1.4 Data acquisition and analysis 
Data acquisition and data analysis were respectively performed by Myodaq 
acquisition Version 2.01 and Myodata analysis Version 2.02" provided along with 
the myograph system 
2.2 Electrophysiological study 
2.2.1 Preparation of small porcine coronary/pulmonary arteries 
Intramyocardial coronary small arteries (usually the second to third branches 
of the left anterior descending artery, diameter 450-600 |Lim) or isolated interlobular 
small pulmonary arteries (usually the third to fourth branches of the left or right 
T 
apical lobe, diameter 350 � 4 5 0 jam) were carefully dissected and cleaned of fat and 
connective tissues with great care to protect the endothelium. The vessels were 
then cut into rings of 2-mm long and mounted in an isolated chamber of myograph 
within a" metal-screened cage. Prior to membrane potential measurement, the 
arterial ring was normalized and set at the optimal point of its length-tension curve 
(see Chapter 2.1.2.2). The Krebs' solution in the chamber was continuously 
aerated with mixture of 95% O2 and 5% CO2 at 37±0.1�C. 
2.2.2 Preparation of microelectrode 
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Microelectrodes used in the experiments were made from fine glass tubes with 
external diameter of 1.5 mm. By adjusting the parameters, microelectrodes with 
different tip resistances were produced by a micropipette puller (Model P-97， 
SUTTER INSTRUMENT CO. U.S.A.). 3 M KCl was filled in the microelectrode 
for resistance test and the subsequent membrane potential measurement. Only were 
the electrodes with tip resistance ranged from 40 to 80 MQ used. 
2.2.3 Impaling of microelectrode 
For measuring membrane potential of single smooth muscle cell in small 
porcine coronary or pulmonary arteries, the microelectrode was advanced using a 
pipette holder mounted on a three dimensional venire type hydraulic 
micromanipulator and impaled into a single smooth muscle cell from adventitial side 
of the ring. The following criteria were used to assess a successful impalement: 1) 
a sudden negative change in voltage followed by a stable negative voltage for more 
than 1 minute 2) an instantaneous return to the previous voltage level on dislodgment 
of the microelectrode (He et al, 1996; 1997; Ge et al, 2000a; Brayden, 1990; Nagao 
I 
& Vaiihoutte，1991). 
2.2.4 Recording of membrane potential 
The electrical signals were amplified by a battery operated, low-noise 
wide-b抑d microelectrode preamplifier (ELECTRO 705, WORLD PRECISION 
INSTRUMENTS CO). The output signals were displayed by an oscilloscope (2120 
B，WORLD PRECISION INSTRUMENT) and simultaneously recorded by a 
computer that installed Picoscope program (PICO ADC-100) (Fig 2.3). 
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Fig. 2.3 Diagram describing the measurement of membrane potential of smooth 
muscle cells in small coronary/pulmonary vessels. Small porcine 
coronary/pulmonary vessels were mounted and equilibrated in the myograph 
(model 500A; J.P. Trading； Aarhus, Denmark) chamber. The traditional glass 
microelectrode was vertically inserted into smooth muscle cell from the adventitial 
surface of the'rings. Through an amplifier, the electric current was showed and » 
recorded in a computer. The Krebs' solution in the chamber was aerated with a 
mixed of 95% oxygen and 5% carbon dioxide at 37±0.1 
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2.3 Statistical analysis 
The change in membrane potential was expressed in millivolt. Relaxation 
was expressed as the percentage decrease in isometric force induced by U46619. The 
effective concentration of BK that caused 50% of maximal relaxation was defined as 
EC50. The EC50 was determined from each concentration-relaxation curve by a 
logistic, curve-fitting equation: E = MA?/ (A? + K?)，where E is response, M is 
maximal relaxation, A is concentration, K is EC50 concentration, and P is the slope 
parameter. From this fitted equation, the mean EC50 士 SEM was calculated for each 
group. 
Data were expressed as mean 士 SEM. Different statistical analyses were used 
in different conditions including paired, unpaired t-test and one-way ANOVA 
(followed by Scheffe F test) as well as two-way ANOVA. Values of p less than 
0.05 were considered significant. 
I 
2.4 Chemicals 
Chemicals used and their sources were: BK, L-NNA, Indo (Sigma, St. Louis, 
MO, USA) ; U46619 (Cayman Chemical, Ann Arbor, MI). L-NNA (dissolved in 
.distilled' water) and indomethacin (dissolved in ethanol) were stored at 4°C. The 
solution of U46619 was held frozen until required. 
Commercial bovine hemoglobin was dissolved in 0.9% NaCl to make up a 3 ml 
stock solution. The stock solution was subsequently reduced to HbO by addition of 
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a small amount of sodium dithionite (< 0.3 g). Excessive sodium dithionite was 
extracted by running the solution through an Econo-Pac lOG column (Bio-Rad) 
equilibrated with 0.9% NaCl. The HbO solution was frozen at -20°C and stored for 
up to 14 days (Martin et al, 1986). 
T , 
> 
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Chapter 3 Effects of Celsior Solution on 
Endothelial Function in Resistance Coronary 
Arteries Compared to St. Thomas' Hospital Solution 
3.1 Abstract 
Background We investigated relatively new organ preservation (Celsior) solution 
regarding its effect on the EDHF-mediated function with comparison to ST 
solution. 
Methods The EDHF-mediated relaxation was induced by BK (-10�-6.5 logM) in 
the presence of inhibitors of nitric oxide and prostacyclin in porcine small resistance 
coronary arteries, before and after incubation in ST (Group la, n =11)，Celsior 
(Group lb, n =13), or Krebs (Group Ic, control, n=12) at 4 � C for 4 hours. The 
EDHF-mediated hyperpolarization of the membrane potential of smooth muscle 
cells was measured by microelectrode with simultaneous relaxation after cold 
storage in ST (Ila, n=7), Celsior (lib, n=6), or Krebs (lie, control, n=6), or 
I 
followed by washout with Krebs (ST: Ilia, n=6, Celsior: Illb, n=6). 
Results The EDHF-mediated relaxation was significantly decreased in la 
(56.4士7.20/0 vs. 71.2±5.3%, P<0.05) or lb (44.8士4.9% vs. 74.7士3.3%，P<0.05) but 
not in Ic. The sensitivity to BK was also significantly decreased (la: -7.51 士0.14 vs. 
-7.76士0.12 log M, P<0.05; lb: -7.36士0.09 vs. -7.60士0.09 logM, P<0.05). The 
resting membrane potential was depolarized in Ila (-44.3士 1.9 mV, n=7, p<0.05) 
and l ib (-33.0士2.2 mV，n=6, p<0.05) compared with lie (-57.1 士 1.5 mV, n=6). The 
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EDHF-mediated hyperpolarization decreased significantly in Ila and l ib (3.4士0.3 
and 3.0士0.2 vs. 6.3士0.5 mV，P<0.05) and partially restored in Ilia (5.0士0.2 vs. 
3.4士0.3 mV，P<0.05) and Il lb (4.1 士0.3 vs. 3.0士0.2 mV，P<0.05). 
Conclusions Storage with Celsior and ST solutions reduces the EDHF-mediated 
endothelial function (hyperpolarization and associated relaxation) in porcine small 
resistance coronary arteries. 
3.2 Introduction 
Celsior and ST solutions are widely used to preserve donor hearts in 
combination with hypothermia in cardiac surgery. Celsior solution, a high sodium, 
low potassium extracellular-type solution, was formulated specifically for heart 
preservation and was designed to prevent the cell swelling (by mannitol and 
lactobionate), oxygen-derived free radical injury (by reduced glutathione, histidine 
and mannitol), and contracture by enhancement of energy production (glutamate) 
and limitation of calcium overload (high magnesium content, slight degree of 
I 
acidosis) (Menasche P et al, 1994). Comparing with other widely used 
preservation solutions, clinical trials have supported that the use of Celsior solution 
in cardiac transplantation was safe and effective (Remadi JP et al, 2002) and it 
allowed for better post transplant heart recovery (Garlicki M et al, 2003). > 
Experimental studies have also shown that Celsior solution provides superior 
post-ischemic right ventricular function (Wamecke G et al, 2002) and improves 
preservation of coronary endothelial function (Perrault LP, 2001). In addition, 
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Celsior solution has not only been proven to be a good preservation solution for the 
donor heart but also for lung, liver, kidney, etc (Wittwer T et al, 1999a; Large SR, 
2004; Pedotti Petal , 2004). 
It is well known that the coronary vascular system plays an important role in 
regulation of the blood flow distribution in the heart. Endothelium releases 
multiple vasoactive substances that act on the smooth muscle to regulate the 
vascular tone. Among those, three important EDRFs —NO, PGI2, and EDHF — 
have been identified to contribute to endothelium-dependent relaxation. The 
mechanisms of NO and PGI2 have been well studied while the nature of EDHF 
remains controversial (McGuire J et al, 2001; Busse R et al, 2002) although EET, 
H2O2, C-type natriuretic peptide, other substances, and myoendothelial gap junction 
are proposed to be involved in the mechanisms of EDHF (Vanhoutte PM, 1998). 
Recent studies have also shown that SKca, IKca, and BKca have been implicated in 
the ionic mechanisms underlying EDHF (Cowan CL et al, 1993; Petersson J et al, 
1997; Adeagbo ASO et al, 1993) whereas the involvement of KIR and 
I 
Na+/K+-ATPase has also been suggested (Nelson et al, 1995; Prior et al, 1998). 
During the preservation of the donor heart, the endothelium cells are exposed 
directly to the preservation solution. Our previous studies (He et al, 1996，1997a, 
1997b; He <Sf Yang, 1996; Ge et al, 2000a; Zou et al, 2003; Zhang et al, 2004) have 
shown that the hyperkalemic solutions, such as UW (containing 125 mM K+) and 
EC solutions (containing 115 mM K+) impair the EDHF-mediated relaxation and 
the impairment is due to the membrane depolarization and inhibition of potassium 
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(K+) channels on smooth muscle cells caused by hyperkalemia. In contrast, 
Celsior solution contains relatively lower K+ (15 mM) compared to UW or EC 
solution. It remains unclear whether this low-K+ solution impairs the 
EDHF-mediated relaxation. 
The present study was therefore designed to evaluate the effects of Celsior 
solution on EDHF-mediated relaxation and associated hyperpolarization under the 
conditions similar to the clinical setting, with comparison to a well-studied solution, 
ST solution. 
3.3 Experimental design and analysis 
3.3.1 Vessel preparation 
The small coronary arteries (diameter 400-600 )im) were carefully dissected， 
cleaned of fat, mounted on a two-channel myograph (model 500A; J. P. Trading, 
Aarhus, Denmark) filled with Krebs，solution and continuously aerated with a gas 
mixture of 95% 02-5% CO2 at 37®C. Great care was taken to protect the 
T 
endothelium during the process of dissecting and mounting (see Materials and 
Methods 2.1). 
3.3.2 Normalization 
After tKe ring was mounted in the myograph and equilibrated for 30 minutes, 
a previously described method (see Materials and Methods 2.1.2.2) was used to 
normalize the ring under a condition simulating the transmural pressure encountered 
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in vivo in the coronary microcirculation. In the myograph model 500A, the 
normalization procedure was performed automatically. 
3.3.3 Relaxation study: BK-induced, EDHF-mediated relaxation 
All rings were equilibrated at 37°C and aerated with 95% oxygen and 5% 
carbon dioxide for 30 minutes before and after normalization. The following 
protocols were used. 
In each relaxation group, L-NNA (300 JIM), a NO synthase inhibitor, HbO (20 
|liM)，a NO scavenger, and Indo (7 jjM)，a COX inhibitor,, were added into the 
chamber for 30 minutes. The arteries were precontracted with U46619 (-8 logM). 
When the contraction reached a stable plateau (usually 15 minutes), cumulative 
concentration-relaxation curves to BK (-10 to -6.5 log M) were established. 
The arteries were then stored in ST (Group la, n =11) or Celsior (Group lb, 
n =13) or Krebs solution (Group Ic, control, n=12) at 4 � C for 4 hours, a situation 
similar to the clinical setting, followed by washout with Krebs within 45 min at 
37°C. The EDHF-mediated relaxation to BK was induced again. In pilot 
I 
experiments under normalization, after wash procedure with Krebs solution and 
equilibrium for a certain period, the repeated BK-induced, EDHF-mediated 
relaxation in U466i9-precontraction remained unchanged. 
3.3.4 Cellular electrophysiological study: EDHF-mediated cellular 
> 
hyperpolarization and associated relaxation 
After incubation in Celsior, ST or Krebs solution (the control) at 4 � C for 4 hr, 
as mentioned above, coronary microarterial rings were mounted in the myograph 
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and then normalized. After equilibration for 30 min, Indo, L-NNA and HbO were 
added into the myograph chamber. Thirty minutes later, the resting membrane 
potential and the resting force were simultaneously recorded. The 
EDHF-mediated cellular hyperpolarization (in a single smooth muscle cell) and 
associated relaxation induced by BK (-7.0 log M) were recorded when the arteries 
were incubated in ST (Group Ila, n=7), Celsior (Group lib, n=6), or Krebs 
solutions (Group lie，control, n=6) at 37�C，or followed by washout with Krebs 
within 30 min at 37°C (ST: Group Ilia; Celsior solution: Group Illb, n=6, 
respectively). During this period, the cellular membrane potential and the force 
were continuously measured. 
3.3.5 Data analysis 
Relaxations were expressed as the percentage decrease in isometric force 
induced by U46619. The changes in cellular membrane potential were expressed in 
millivolts. Results are expressed as mean 士 the standard error of the mean for n 
observations, where n equals the number of coronary arterial rings. Paired 
I 
Student's t test was used to calculate the difference of self-control comparison on 
EDHF-mediated relaxation study and unpaired Student's t test was used to calculate 
the difference of ST, Celsior, and Krebs solutions. Values of p less than 0.05 were 
considered to' be statistically significant. The number of each group in the study » 
was designed at least 6 if statistical significance was already detected. The sample 
size was planed to extend to at least 12 if no statistical difference was detected. 
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3.4 Results 
3.4.1 Relaxation Study 
3.4.1.1 Resting force 
No significant differences were detected before and after cold storage in ST or 
Celsior solutions in each group (Group la: 3.3 士 0.3 vs. 3.1 士 0.3 mN，p=0.096, 
950/0 confidence interval (CI): -0.039�0.424; Group lb: 3.8 士 0.3 vs. 3.6 士 0.3 mN, 
p=0.106，95% CI: -0.044~0.390). 
3.4.1.2 U466i9-induced precontraction 
The concentration of U46619 varied from -8 log M to -7.7 log M to maintain a 
similar stable contraction force before and after exposure to ST or Celsior solution 
in each group (Group la: 7.2 土 0.8 vs. 6.9 士 0.6 mN, p=0.286, 95% CI: -0.27 ~ 
0.84; Group lb: 8.3 士 0.8 vs. 8.0 士 0.8 mN, p=0.34，95% CI: -0.401 �1.055) . 
3.4.1.3 EDHF-mediated relaxation 
The maximal EDHF-mediated relaxation to BK was decreased significantly 
after cold storage in ST or Celsior solution at 4°C for 4 hours. After cold storage 
1 
in ST or Celsior solution, the EDHF-mediated relaxation induced by BK was 
reduced at the concentration of -8.0 to -6.5 log M. 
Group la: After the cold storage in ST solution, the maximal EDHF-mediated 
relaxation was decreased from 71.2土5.3% to 56.4士7.2% (n=ll, 95% CI: 5.2% to 
> 
24.50/0，P<0.01; Fig. 3.1). The EC50 significantly increased from -7.76士0.12 to 
-7.51±0.14 log M (95% CI: -0.41 to 0 log M，P<0.05). 
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Group lb: Similarly, after incubation in Celsior solution, the maximal 
EDHF-mediated relaxation to BK was decreased from 74.7±3.3% to 44.8士4.9% 
(n=13，95% CI: 21.9% to 37.9%, P<0.01; Fig. 3.2). The EC50 significantly 
increased from -7.60士0.09 to -7.36士0.09 (95% CI: -0.43 to -0.07 log M, P<0.05). 
Group Ic (Control): However, no significant difference in the maximal 
EDHF-mediated relaxation induced by BK was detected before and after cold 
storage in Krebs solution (75.2±3.4% vs. 73.6±2.0%, n=12, P=0.56) at 4 � C for 4 
hours. • 
Furthermore, before and after the cold storage in ST or Celsior solution, there 
were no significant differences on the EDHF-mediated relaxation to BK between 
Group la and Group lb (Before: 71.2土5.3% vs. 74.7±3.3%, 95% CI: -15.9% to 
9 % , P>0.05; After: 56.4±7.2% vs. 44.8土4.9%，95% CI: -6.1% to 29.3%, P>0.05; 
Fig. 3.3)，suggesting similar effect of Celsior solution or ST on the EDHF-mediated 
relaxation. 
3.4.2 Electrophysiological studies 
I 
3.4.2.1 Resting membrane potential 
The resting membrane potential of a single vascular smooth muscle cell was 
depolarized during exposure to ST (Group Ila: -44.3土 1.9 mV, 95% CI: 7.3 to 18.3 
mV, p<0.01, h=7) or Celsior solution (Group lib: -33.0士2.2 mV, 95% CI: 18.1 to 
> 
30.0 mV, p<0.01, n=6) solution, compared with incubation in Krebs solution 
(-57.1 士 1.5 mV，n=6). After washout by Krebs solution within 30 min, the resting 
membrane potential was still depolarized (Group Ilia: -48.2士2.6 mV, 95% CI: 2.3 
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to 15.6 mV，P<0.05; Group Illb: -41.4土3.3 mV，95% CI: 7.5 to 23.8，P<0.01; Fig. 
3.4). 
3.4.2.2 EDHF-mediated cellular hyperpolarization 
The EDHF-mediated cellular hyperpolarization was significantly impaired 
during exposure to ST (Group Ila: 3.4土0.3 mV，95% CI: 1.7 to 4.2，P<0.01) or 
Celsior solution (Group lib: 3.0 士0.2 mV, 95% CI: 2.0 to 4.4，P<0.01) compared 
with Krebs solution (6.3土0.5 mV Fig. 3.5 & 3.6). No significant differences were 
detected on EDHF-mediated cellular hyperpolarization between ST and Celsior 
solution (3.4士0.3 mV vs. 3.0 ±0.2 mV，95% CI: -0.6 to 1.3 mV，P>0.05). 
However, after washout by Krebs within 30 min, the EDHF-mediated 
hyperpolarization was restored partially after exposure to ST (Group Ilia: 5.0±0.2 
vs. 3.4±0.3 mV，95% CI: -2.5 to -0.7 mV，P<0.01) or Celsior solution (Group Illb: 
4.1±0.3 vs. 3.0 ±0.2 mV，95% CI: -1.9 to -0.2 mV，P<0.05). Further, the 
magnitude of the recovery in ST solution group was higher than that in Celsior 
solution group (95% CI: 0.1 to 1.7 mV，P<0.05，Fig. 3.6). 
T 
3.4.2.3 Cellular hyperpolarization-associated relaxation 
During the measurement of the cellular membrane potential, the possible 
associated relaxation was simultaneously recorded. Due to the fact that the 
‘ hyperpolarization of the membrane potential was induced from the resting 
membrane potential, the associated relaxation was in a small range (0.39士0.08 mN 
in Group lie, Krebs solution). The hyperpolarization-associated relaxation was 
reduced during exposure to ST (Group Ila: 0.18土0.02 mN, 95% CI: 0.03 to 0.38， 
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P<0.05) or Celsior solution (Group lib: 0.13 士0.02 mN, 95% CI: 0.08 to 0.45， 
P<0.01) compared with Group lie. Further, even after washout by Krebs within 30 
min, the associated relaxation remained low and no significant difference was 
detected with or without washout of the preservation solutions ((Group Ilia, ST 
solution: 0.2士0.02 vs. 0.18土0.02 mN, P>0.05) or (Group Illb, Celsior solution: 
0.16±0.02 vs. 0.13 士0.02 mN, P>0.05，Fig. 3.6)，suggesting that within 
3 O-min-reperflision, either the hyperpolarization or the associated relaxation 
remained inhibited by the preservation solutions. 
3.5 Discussion 
The present study, for the first time, demonstrated the effects of Celsior 
solution on EDHF-mediated cellular hyperpolarization and associated relaxation. 
The study has shown that 1). cold storage of the heart under clinical setting alters 
the endothelial ftmction in coronary microarteries by reducing the EDHF-mediated 
hyperpolarization and associated relaxation. This effect exists not only during the 
( 
incubation in Celsior solution but also exists when the solution is washed out 
(equivalent to the reperfusion period) for at least 30-45 min; 2). The mechanism of 
the reduced relaxation is due to the reduced cellular membrane potential 
hyperpolarization of the coronary smooth muscle; and 3). The effect of Celsior and 
S-T solutions is similar except that the recovery of the EDHF-mediated 
hyperpolarization from ST solution may be slightly more rapid than from Celsior 
solution. 
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3.5.1 Effects of Celsior solution on endothelial function 
Studies have reported that Celsior could improve the endothelial viability and 
proliferative capability of endothelial cells in cultured human greater saphenous 
vein (Alamanni F et al, 2002). Further, endothelin and inducible NO synthase 
gene expression were detected significantly higher after cold storage in Celsior 
solution than in UW solution (Wildhirt SM et al, 2000) although this effect was not 
compared to ST solution. However, the effect of Celsior on the endothelial 
function mediated by individual EDRFs，such as EDHF pathway has not been 
studied. On the other hand, our previous studies (He et al, 1996,1997; He & Yang 
1996) have well demonstrated that hyperkalemic solutions impair the 
EDHF-mediated endothelial function in coronary arteries. Celsior solution is also 
a hyperkalemic solution although the K+ concentration (15 mM) in this solution is 
lower than all other preservation solutions. It is therefore desirable to see the 
effect of this relatively low-K+ solution on the coronary endothelial function. 
The present study has clearly shown that Celsior solution depolarizes the 
resting membrane potential of the coronary smooth muscle cell (Fig. 3.4) and 
reduces the EDHF-mediated hyperpolarization and the associated relaxation under a 
situation similar to the clinical setting during the preservation period (Fig. 3.5 & 
. 3 . 6 ) . During the reperfusion period, although the function is partially restored 
because of washout of the solution, the effect lasts for at least 30�45 min. This 
effect is associated with partial depolarization of the cellular membrane potential 
(Fig. 3.4). 
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3.5.2 Effects of ST solution on EDHF-mediated function 
ST solution has been well studied for many years. Our previous studies (Ge et 
al, 1999; Yang et al, 2003b) have demonstrated that under profound and moderate 
hypothermia, ST solution reduces the EDHF-mediated relaxation and smooth 
muscle contraction in the coronary microarteries. However, it may be superior to 
UW solution in preserving the EDHF-mediated endothelial function of coronary 
micro-arteries. We also demonstrated that Mg2+ (Yang et al, 2002a) and procaine 
(Yang et al, 2002b), both are components in ST solution, have protective effect on 
the EDHF-mediated relaxation. The present study has further shown that after 
washout with Krebs solution, both the resting membrane potential of the smooth 
muscle cell and the EDHF-mediated hyperpolarization are only partially restored at 
least in 30 min (Fig. 3.6). 
3.5.3 Comparison between Celsior and ST solutions on EDHF-mediated 
function 
The present study was designed to investigate the effect of Celsior solution, a 
« 
relatively new organ preservation solution, on the endothelial function and a 
well-studied solution — ST solution was used as comparison. The above results 
clearly demonstrate that both Celsior and ST solutions depolarize the cellular 
membrane potential of the coronary smooth muscle and reduce the EDHF-mediated 
hyperpolarization and the associated relaxation. These effects exist during the 
preservation period and last in the early reperfusion period for at least 30 min. 
During the reperflision period, the EDHF-mediated function gradually recovered. 
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The effect on the depolarization and the hyperpolarization of Celsior solution is 
similar to ST solution without significant differences. With regard to the 
recovering time, the recovery of the depolarization and the subsequent 
hyperpolarization mediated by EDHF may be slightly more rapid after incubation in 
ST solution than in Celsior solution (Fig. 3.6). This difference is probably related 
to the fact that the depolarization induced by Celsior solution is more significant 
than ST solution (Fig. 3.4) and this effect is likely due to the intrinsic differences of 
the components in Celsior solution and ST solution. Indeed, Celsior solution 
contains less Mg2+ (13 mM) than ST Solution (16 mM). Possibly more important, 
ST solution contains procaine but Celsior solution does not. 
3.5.4 Clinical implications 
As a relatively new preservation solution, Celsior is used clinically. Our 
present study has demonstrated, at the first time, the effects of Celsior solution on 
the EDHF-mediated hyperpolarization and associated relaxation. Although it is 
unknown whether this effect affects the coronary flow, at least it reduces the 
1 ‘ 
capacity of the flow reserve as EDHF-mediated function is a back-up for the 
NO-pathway. This should be taken into account in the development of the 
"perfect" organ preservation solution. 
» 
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Fig. 3.1 (a) Concentration-relaxation curves for bradykinin (BK, -10—6.5 logM) 
in the U46619 (10 iiM)-precontracted microarteries in the presence of Indo (7 |iM), 
L - N N A (300 |XM)，and HbO (20 JIM) before (control; open circles) and after (solid 
circles) after cold storage in ST solution at 4°C for 4 hours (Group la). Data are 
shown as mean 士 SEM. *p less than 0.05，**p less than 0.01 compared with the 
control group (n = 11，paired t-test). (b) Original tracings of EDHF-mediated 
relaxation induced by BK (-10—6.5 logM). 
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Fig. 3.2 (a) Concentration-relaxation curves for BK (-10�-6.5 logM) in the U46619 
(10 nM)-precontracted microarteries in the presence of Indo (7 |iM), L - N N A (300 
^iM), and HbO (20 |aM) before (control; open circles) and after (solid circles) cold 
I 
‘ storage in Celsior solution at 4°C for 4 hours (Group lb). Data are shown as mean 
士 SEM. less than 0.05, **p less than 0.01 compared with the control group (n = 
12, paired t-test). (b) Original tracings of EDHF-mediated relaxation induced by BK 
(-10-6.5 logM). 
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Fig. 3.3 Concentration-relaxation curves for BK (-10�-6.5 logM) in the U46619 (10 
NM)-precontracted small porcine coronary arteries in the presence of Indo (7 |liM), 
L-NNA (300 |liM) and HbO (20 pM) before � and after (b) explore to either ST 
(Group la，n=ll, open circle) or Celsior (Group lb, n=13，closed circle) solution 
at 4°C for 4 hours. Data are shown as mean 士SEM. (impaired t-test). 
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Fig. 3.4 The resting membrane potential from small coronary arteries depolarized 
after exposure to ST (Group Ila & Group Ilia ) or Celsior (Group lib & Group 
Illb) solution at 4 � C for 4 hours after without washout (Group II) or washout 
(Group III) by Krebs solution within 30 min in the presence of Indo (7 |iM), 
% 
L-NNA (300 jiM) and HbO (20 |iM). *p less than 0.05 or **p less than 0.01 
compared with Krebs group. Data are shown as mean 士SEM. 
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Fig. 3.5 Original tracings of EDHF-mediated hyperpolarization induced by BK 
(-7 log M ) in porcine coronary arteries in the presence of Indo (7 |LIM), L - N N A (300 » 
|LIM) and HbO (20 i^M) after incubation in ST, Celsior, or Krebs solution at 4°C for 
4 hours. * The value of the membrane potential was measured. 
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Fig. 3.6 The EDHF-mediated hyperpolarization (a) and associated relaxation (b) 
from small coronary arteries induced by BK have decreased significantly after 
exposure to ST (Group I l a ) or Celsior (Group lib) solutions at 4°C for 4 hours in 
the presence of Indo (7 _，L - N N A (300 _ and HbO (20 Followed by 
washout by Krebs solution within 30 min, the EDHF-mediated hyperpolarization 
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has been restored partially (Group Ilia & Group Illb). No significant differences 
in the hyperpolarization-associated relaxation have been detected. *p less than 
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Chapter 4 Effects of Perfadex and Celsior Solution 
on Endothelial Function in Resistance Pulmonary 
Arteries 
4.1 Abstract 
Objective: We investigated the effect of two different lung preservation solutions 
(Perfadex and Celsior) on the endothelial function in porcine small pulmonary arteries 
with focus on EDHF-mediated relaxation and associated hyperpolarization of the 
cellular membrane potential of the smooth muscle cell. 
Methods.. With the presence of NO and PGI2 inhibitors, the EDHF-mediated relaxation 
was induced by BK (-10—6.5 log M) in U466i9-precontracted porcine small resistance 
pulmonary arteries (diameter 300-600|am) before and after incubation in Perfadex 
(Group la, n =8)，Celsior (Group lb, n =8), or Krebs (Group Ic, control, n=8) at 4 � C 
for 4 hours. The EDHF-mediated hyperpolarization of smooth muscle cells was 
measured by microelectrode after 4-h cold storage in Perfadex (Ila, n=6), Celsior (lib, 
n=6), or Krebs (lie, control, n=6), followed by washout with Krebs within 45 min. 
Results'. BK-induced, EDHF-mediated relaxation significantly reduced in lb 
(37.3±7.2% vs. 59.7±7.7%，P<0.05) but not in la (56.8±3.9% vs. 63.3土5.5%) and Ic 
. (61 .8±2.6% vs. 66.2土6.1%). The sensitivity to BK also decreased in lb (-7.29士0.13 
vs. -7.75士0.06 Log M，P<0.05) with no changes (P>0.05) observed in la (-7.86士0.09 
vs,7.81 土0.10 Log M) and Ic (-7.76士0.08 vs. -7.79士0.06 Log M). The resting 
membrane potential was depolarized in l ib (-42.8士 1.3 mV，P<0.05) compared with Ila 
(-56.7士0.9 mV) and lie (-58.7士0.6 mV). The EDHF-mediated hyperpolarization was 
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markedly decreased in l ib (4.5士0.2 mV，P<0.05) but preserved in Ila (6.3士0.3 mV, 
P>0.05) and lie (6.6±0.1 mV，P>0.05). 
Conclusion: We conclude that under the situation similar to the clinical settings, 
Perfadex solution has better preservative effect than Celsior on the EDHF-mediated 
endothelial function (cellular membrane hyperpolarization and associated relaxation) in 
small porcine pulmonary arteries. 
4.2 Introduction 
Perfadex, a low-potassium dextran solution, is widely used in the human lung 
transplantation surgery. Experimental lung preservation has shown that Perfadex 
can preserve donor lungs in good condition throughout the 24-hour observation 
period (Steen S et al, 1994). These results were confirmed in clinical lung 
transplantation. Compared to EC solution, a reduction of perioperative mortality 
and morbidity in clinical trials have suggested that Perfadex provides superior 
maintenance of graft function after pulmonary transplantation and also results in 
better long-term survival (Muller C et al, 1999; Struber M et al, 2001). Celsior 
was formulated specifically for heart preservation but in recent years has been 
developed as one of the alternative solutions to improve pulmonary preservation. 
Compared to EC and HTK solution, Celsior is an extracellular solution which has 
significantly reduced the ischemia/reperflision (IR)-induced pulmonary damage in 
animal studies. However, surfactant function was not well preserved by this 
solution, as expected (Wamecke G et al, 2002). 
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Endothelium plays an important role in regulating the vascular tone of 
pulmonary circulation. It has been identified that NO, PGI2, and EDHF are three 
important factors released by vascular endothelium to contribute to 
endothelium-dependent relaxation. Our previous studies (He GW et al, 1996a, 
1996b，1997; Zhang et al, 2004; Wu M et al. 2005) suggested that hyperkalemic 
solutions, such as UW (containing 125 mM K^, EC (containing 115 mM K+), and a 
relatively I0W-K+ solution, Celsior (containing 15 mM K+) solutions, impair the 
EDHF-mediated endothelial function in the porcine coronary circulation. 
However, it remains unclear whether a low potassium solution, Perfadex 
(containing 6 mM K+)，impairs the EDHF-mediated endothelial function in the 
porcine pulmonary circulation. Further, although studies (Thabut G et al, 2001) 
have supported that extracellular-type solutions, i.e., Perfadex and Celsior, are 
associated with better lung preservation than intracellular-type solutions in clinical 
transplantation, the comparison remains controversial (Wittwer T et al, 1999b; 
Fehrenbach A et al, 2003) between Perfadex and Celsior solutions. 
The present study was therefore designed to evaluate the effects of Perfadex 
and Celsior solutions on EDHF-mediated relaxation and associated 
hyperpolarization under the conditions similar to the clinical setting. 
> 
4.3 Experimental design and analysis 
4.3.1 Vessel Preparation 
Fresh porcine lungs collected from a local slaughterhouse were placed in a 
container filled with cold Krebs solution (4�C) and immediately transferred to the 
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laboratory. Upon receipt of the lung, pulmonary small arteries (usually the second 
or third branches of the left or right apical lobe, diameter 300-600 |am) were 
carefully dissected and removed under a microscope. The vessels were cleaned of 
fat and connective tissue and cut into cylindrical rings of 2 mm length under a 
microscope. A mounting procedure followed by normalization process was then 
performed in a two-channel myograph (model 500A; J. P. Trading, Aarhus, 
Denmark) (see Materials and Methods 2.1.2.1). 
4.3.2 Normalization 
The normalization procedure for the small pulmonary arteries has been 
performed in a two-channel myograph after equilibrated at 3 7士0.1 °C for more than 
30 minutes (see Materials and Methods 2.1.2.2). 
4.3.3 Isometric force study 
Experimental Protocols All rings were equilibrated at 37°C and aerated with 
95% oxygen and 5% carbon dioxide for 30 minutes before and after normalization. 
The following protocols were used. 
t 
Isometric force study (Group I): BK-induced, EDHF-mediated relaxation 
In each relaxation group, L-NNA (300 jiM), a N O synthase inhibitor, HbO (20 
|iM)，a NO scavenger, and Indo (7 |iM), a COX inhibitor, were added into the 
chamber for 30 minutes. U46619 (-8 logM) was then added to contract the rings. 
When the contraction reached a stable plateau (usually 15 minutes), cumulative 
concentration-relaxation curves to BK (-10 to -6.5 log M) were established. 
The arteries were then stored in Perfadex (Group la, n =8) or Celsior (Group 
lb, n =8) or Krebs solution (Group Ic, control, n=8) at 4 � C for 4 hours, a situation 
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similar to the clinical setting, followed by washout with Krebs within 45 min at 
37°C. The EDHF-mediated relaxation to BK was induced again. In pilot 
experiments under normalization, after wash procedure with Krebs solution and 
equilibrium for a certain period, the repeated BK-induced, EDHF-mediated 
relaxation in U46619-precontraction remained unchanged. 
4.3.4 Electrophysiological studies 
Cellular Electrophysiological Study (Group II): EDHF-mediated Cellular 
Hyperpolarization and Associated Relaxation: 
After incubation in Perfadex (Group Ila, n=6), Celsior (Group lib, n=6) or 
Krebs (Group lie, n=6; the control) solution at 4°C for 4 hr, as mentioned above, 
the small pulmonary arterial rings were mounted in the myograph and then 
normalized to the physiological pressure. In the presence of Indo, L-NNA and 
HbO in the myograph chamber, the resting membrane potential and the resting 
force were simultaneously recorded. The EDHF-mediated cellular 
hyperpolarization (in a single smooth muscle cell) and associated relaxation induced 
by BK (-7.0 log M) were recorded when the arteries were incubated in Krebs 
solutions at 37°C, or incubated in Perfadex or Celsior followed by washout with 
Krebs within 30 min at 37°C. During this period, the cellular membrane potential 
and the force were continuously measured. 
4.3.5 Data analysis 
Two-way ANOVA was used for comparison in isometric force studies. Paired 
Student's t test was used to calculate the difference of self-control comparison on 
EDHF-mediated hyperpolarization. One way ANOVA or unpaired Student's t test 
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were used to calculate the difference between groups. Values of p less than 0.05 
were considered to be statistically significant. 
4.4 Results 
4.4.1 Relaxation Study: EDHF-mediated relaxation (Group I) 
4.4.1.1 Resting Force 
No significant difference was detected before and after cold storage in 
Perfadex or Celsior solutions in each group (Group la: 2.7 士 0.2 vs. 2.7 士 0.3 mN, 
p=0.946, 95% confidence interval (CI): -0.131 �0.123; Group lb: 2.6 士 0.5 vs. 2.6 士 
0.3 mN, p=0.971, 95% CI: -0.482�0.467; Group Ic: 2.5 士 0.2 vs. 2.4 士 0.3 mN, 
p=0.103 95% CI: -0.029�0.246). 
4.4.1.2 U466i9-induced precontraction 
The concentration of U46619 varied from -8 log M to -7.7 log M to maintain a 
similar stable contraction force before and after exposure to ST or Celsior solution 
in each group (Group la: 7.5 土 0.6 vs. 8.0 士 0.7 mN, p=0.143, 95% CI: -1.316 � 
6.234; Group lb: 6.8 士 0.8 vs. 7.3 士 0.8 mN, p=0.181, 95% CI: -1.465 ~ 0.335; 
Group Ic 6.1 士 0.5 vs. 6.4 士 0.7 mN, p=0.558, 95% CI: -1.077 �0.632) . 
4.4.1.3 EDHF-mediated Relaxation: 
The EDHF-mediated relaxation to BK was decreased significantly at the 
concentration of-7.5 to -6.5 Log M after cold storage in Celsior solution at 4°C for 
4 hours. After cold storage in Perfadex or Krebs solution, no significant 
differences have been detected in the EDHF-mediated relaxation induced by BK. 
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Group la: After the cold storage in Perfadex solution, no significant 
differences were detected in the maximal EDHF-mediated relaxation (63.3土5.5% to 
56.8士3.9% (n=8, 95% CI: -3.9% to 16.9%, P=0.17; Fig. 4.1a). The EC50 
significantly increased from -7.86±0.09 to -7.81 土0.1 log M (95% CI: -0.45 to 0.34 
log M, P=0.76). 
Group lb: However, after incubation in Celsior solution, the maximal 
EDHF-mediated relaxation to BK decreased from 59.7土7.7% to 37.3±7.2% (n=8, 
9 5 % CI: 11.5% to 33.40/0，P<0.01; Fig. 4.1b). The EC50 significantly increased 
from -7.75士0.06 to -7.29士0.13 (95% CI: 0.08 to 0.84 log M, P<0.05). 
Group Ic (Control): No significant differences in the maximal 
EDHF-mediated relaxation induced by BK were detected before and after cold 
storage in Krebs solution (66.2±6.1% vs. 61.8士2.6%，n=8, P=0.36 95% CI: -6.32 to 
15.1%) at 4 � C for 4 hours (Fig. 4.1c). 
Furthermore, after cold storage in Perfadex (Group la) or Celsior (Group lb) 
solution, there were significant differences in the EDHF-mediated relaxation 
(Before: 63.3±5.5% vs. 59.7±7.7%, 95% CI: -16.6% to 23.9%, P>0.05; After: 
56.8土3.90/0 to 37.3士7.20/0，95% CI: 2% to 37.1%, P<0.05), suggesting protective 
effect of Perfadex solution on the EDHF-mediated relaxation with comparison to 
Celsior solution. 
4.4.2 Electrophysiological Study (Group II & III): 
4.4.2.1 The Resting Cellular Membrane Potential 
Compared with incubation in Perfadex (Group Ila: -56.7±0.9 mV n=6) or 
Krebs solution (Group lie: -58.7±0.6 mV n=6), the resting membrane potential of a 
-63-
Chapter 4 Perfadex, Celsior & EDHF 
single vascular smooth muscle cell was depolarized after exposure to Celsior 
solution, followed by washout by Krebs solution within 30 min (Group lib: 
-42.8士 1.3 vs. -58.7±0.6 mV, 95% CI: -19.9 to -12.9 mV, p<0.01, n=6) (Fig. 
4.2&4.3). 
4.4.2.2 EDHF-mediated Cellular Hyperpolarization 
The EDHF-mediated cellular hyperpolarization was significantly reduced after 
exposure to Celsior solution (Group lib: 4.5±0.2 mV, 95% CI: 2.0 to 4.4) 
compared with Krebs solution (6.6士0.1 mV, PO.Ol) (Fig. 4.4). No significant 
differences were detected on EDHF-mediated cellular hyperpolarization between 
Perfadex and Krebs solution (6.3土0.3 mV vs. 6.6士0.1 mV，95% CI: -1.07 to 0.44 
mV，P=0.36). 
4.4.2.3 Cellular hyperpolarization-associated relaxation 
During the measurement of the cellular membrane potential, the associated 
relaxation was simultaneously recorded. Due to the fact that the hyperpolarization 
of the membrane potential was induced from the resting membrane potential, the 
associated relaxation was in a small range (0.32士0.02 mN in Group lie, Krebs 
solution). The hyperpolarization-associated relaxation was reduced during 
exposure to Celsior solution followed by washout with Krebs within 30 min 
(Group l ib: 0.2 士0.02 mN, 95% CI: -0.16 to -0.07) compared with Group lie 
(PO.Ol). In contrast, no significant differences on hyperpolarization-associated 
relaxation have been detected after exposure to Perfadex (Group Ila: 0.3士0.02 mN, 
P>0.05) (Fig 4.4). 
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4.5 Discussion 
4.5.1 Effects of Celsior solution on endothelial function during 
cardiopulmonary surgery 
Celsior is well known as a relatively new preservation solution for heart 
transplantation. Howerver, in the recent years, Celsior has also been shown to 
improve the protection of pulmonary grafts. Compared to 
low-potassium-Euro-Collins solution (LPEC, 40 mmol/1 of potassium), Celsior 
solution provides a significantly increased oxygenation ability, a lower PVR and a 
decreased wet/ dry ratio during the lung preservation (Wittwer et al, 1999a). 
Further, Studies have reported that Celsior solution improved the endothelial 
viability and proliferative capability of endothelial cells in cultured human greater 
saphenous vein (Alamanni et al, 2002). Endothelin and inducible NO synthase 
gene expression were detected significantly higher after cold storage in Celsior 
solution compared to UW solution (Wildhirt et al, 2000). However, our study 
described in the chapter 3 and published (Wu et al, 2005) has demonstrated that 
although Celsior solution, has a relatively low-K^ solution (containing 15 mM K"^, 
it still impairs the EDHF-mediated endothelial functiuon in the porcine coronary 
arteries. 
The present study has clearly shown again that Celsior solution depolarizes 
the resting membrane potential of the pulmonary smooth muscle cell (Fig 4.2 & 4.3) 
and reduces the EDHF-mediated hyperpolarization and the associated relaxation 
(Fig 4.4) after cold storage at 4 � C for 4 hours and the effect exists at least for 30 
min after washout with Krebs. 
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4.5.2 Effects of Perfadex solution on EDHF-mediated endothelial function 
Perfadex, as a low-potassium-dextran solution, provides sufficient lung 
preservation for 27 hours of cold ischemia and significant functional and histologic 
improvement with retrograde perfusion (Wittwer T et al, 2005). Studies have also 
reported that Perfadex does not significantly affect endothelium-dependent 
relaxation either at room temperature or at 4°C (Massa G et al, 1994). Further, 
preservation with low-potassium dextran solution maintains vascular endothelial 
growth factor (VEGF) expression and improves oxygenation and tissue integrity 
after ischemia-reperfusion injury compared with Celsior solution. The present 
study has further shown that after cold storage at 4°C for 4 hours, Perfadex did not 
alter the resting membrane potential of the smooth muscle cell and the 
EDHF-mediated endothelial function (relaxation and associated hyperpolarization). 
4.5.3 Comparison between Celsior and Perfadex solutions on 
EDHF-mediated function 
The present study was designed to investigate the effect of Perfadex, a low 
potassium solution on the EDHF-mediated endothelial function in the porcine 
pulmonary circulation. The above results clearly demonstrate that Perfadex 
maintains the cellular resting membrane potential of the pulmonary smooth muscle 
. c e l l arid does not alter the EDHF-mediated relaxation and associated 
hyperpolarization. In contrast, Celsior depolarizes the membrane potential of the 
smooth muscle cells and reduces the EDHF-mediated endothelial function. In 
addition, these effects last for at least 30 min during the early reperfusion period. 
These differences may be related to the relatively high potassium concentration in 
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Celsior solution. Our previous studies have shown that hyperkalemic solutions 
impair the EDHF-mediated endothelial function by depolarizing the resting 
membrane potential of the smooth muscle cell and inhibiting of K+ channels of 
smooth muscle cells. In fact, the potassium concentration in Celsior solution is 
three-fold higher than that in Perfadex solution. 
4.5.4 Clinical implications 
Perfadex or Celsior solution has been shown to decrease preservation injury 
and to improve lung function in lung transplantation. Excluding the 
hypoxia-reoxygenation injury, the present study has demonstrated, for the first time, 
that Perfadex has better effects on protection of EDHF-mediated hyperpolarization 
and associated relaxation with comparison to Celsior solution. The present study 
suggest that Perfadex solution may maintain the EDHF-mediated endothelial 
function, an important back-up of NO pathway to regulate the pulmonary blood 
flow in lung transplantation. 
I 
» 
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Fig 4.1 Concentration-relaxation curves for bradykinin (BK, -10—6.5 logM) in the 
U46619 (10 iiM)—precontracted microarteries in the presence of Indo (7 |xM), L-NNA 
(300 jiM), and HbO (20 |xM) before (control; solid circles) and after (open circles) 
cold storage in Perfadex (a; Group la), Celsior (b; Group lb) and Krebs (c; Group 
Ic) solution at 4°C for 4 hours. Data are shown as mean 士 SEM. *p less than 0.05, 
less than 0.01 compared with the control group (n = 8，paired t-test). 
1 
> 
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Fig. 4.2 Original tracings of EDHF-mediated hyperpolarization induced by BK (-7 » 
log M) in porcine pulmonary arteries in the presence of Indo (7 ^iM), L-NNA (300 
I^M) and HbO (20 |LIM) after incubation in Perfadex, Celsior, or Krebs solution at 
4°C for 4 hours (s=second). * The value of the membrane potential was 
measured. 
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Fig 4.3 The resting membrane potential from small pulmonary arteries after 
exposure to Perfadex (Group Ila), Celsior (Group lib) and Krebs (Group lie) 
solution at 4°C for 4 hours followed by washout with Krebs solution within 30 min 
in the presence of Indo (7 |aM), L-NNA (300 |iM) and HbO (20 ^iM). *p less than 
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Fig. 4.4 The EDHF-mediated hyperpolarization (a) and associated relaxation (b) 
from small pulmonary arteries induced by BK have decreased significantly after 
exposure to Celsior (Group lib) solution at 4°C for 4 hours in the presence of Indo 
(7 \iM), L-NNA (300 \iM) and HbO (20 ^M), followed by washout by Krebs 
solution within 30 min. No significant difference has been detected in Perfadex 
solution (Group Ila). 
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Chapter 5 Exploration of the nature of EDHF - the 
effect of H2O2 on the membrane potential in rat 
small mesenteric arteries 
H2O2, a reactive oxygen species, has been demonstrated to elicit vascular 
relaxation / hyperpolarization in pulmonary arteries, cerebral arterioles, and porcine 
coronary arteries (Burke & Wolin, 1987; Sobey et al, 1997; Barlow & White，1998; 
Hayabuchi et al, 1998). The endogenous H2O2 could be produced by superoxide 
anion and potential sources of endothelial superoxide anion generation, including 
eNOS，phospholipase A2, lipoxygenase, P450 monooxygenase, and NADPH 
oxidases (Li & shah，2004). Through stimulating small mesenteric arteries of mice 
with ACh, Matoba and coworkers demonstrated that the endothelium produced 
H2O2 under laser confocal microscope with peroxide-sensitive fluorescence dye 
(Matoba et al, 2000). Recently it was strongly suggested that H2O2 may act as an 
EDHF and contribute to the flow-induced dilatation in human coronary arterioles 
(Liu et al., 2003; Miura et al., 2003). 
We therefore conducted some physiological experiments to investigate the 
effect of H2O2 on the membrane potential in rat small mesenteric arteries to explore 
the nature of EDHF in this vasculature. 
A third- or forth-order rat small mesenteric artery (about 2-3mm long) was 
careftilly dissected and bathed in oxygenated Tyrode's solution at 37°C. 
Denudation of endothelial cells was achieved by inserting a mylon suture into the 
- 7 3 -
Chapter 5 H2O2 & EDHF 
vessel lumen, which was then gently rolled back and forth. The success of 
denudation was confirmed by an absence of relaxation to ACh. The artery was 
then normalized and mounted on a myograph system (model 500A; J.P. Trading, 
Aarhus, Denmark) (see General Methods 2.1.2), followed by a potential 
measurement procedure in the presence of Indo, L-NNA and HbO to inhibit the 
effect of NO and PGI2 (See General Methods 2.2). After a stable membrane 
potential was recorded for more than 2 min, H2O2 (90 |iM) was applied. 
The membrane potential of vascular smooth muscle cells in the 
endothelium-denuded arteries was -60 土 3mV (n=4). H2O2 (90 jiM) 
hyperpolarized the membrane potential by -16 士 1 mV (n=4) (Liu & Yao，2006). 
These data have shown that exogenous H2O2 is able to hyperpolarize the 
smooth muscle cells in the presence of inhibiters of NO and PGI2. These results 
strongly suggest that H2O2 can act as an EDHF in rat small mesenteric arteries. 
The endogenous H2O2 may be generated by the activity of many Ca^^-sensitive 
enzymes/pathways (Gordeeva et al, 2003). It is likely therefore that flow-induced 
1 
rise in endothelial cell (Ca2+) may stimulate the activity of such enzymes, leading to 
the production of H2O2 and subsequent hyperpolarization in the smooth muscle 
cells. These experiments have opened a new area for future studies on the nature 
. o f EDHF. 
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Chapter 6. General Discussion 
6.1 BK-induced, EDHF-mediated endothelial function in porcine 
coronary and pulmonary circulations 
BK, a potent endogenous vasodilator, is released from ischemic myocardium 
and plays an important role in the regulation of coronary circulation in both 
physiological and pathological conditions (Miura et al , 1999). BK interacts with 
B2 receptors on the endothelial cells and increases the level of intercellular free Ca^ "^  
through the receptor-coupled G protein(s), leading to release of a variety of 
endothelium-dependent vasoactive substances (Baydoun and Woodward, 1991; 
Graier et al., 1992; Bauersachs et al, 1996). In animal models, tyrosine 
phosphorylation of endothelial Bi-receptors stimulates a transient dissociation of 
the interaction with eNOS and phopholipase A2 to release NO and vasoactive 
metabolites of arachdonic acid, respectively (Regoli and Barabe, 1980; Baydoun 
and Woodward, 1991; Bauersachs et a l , 1996). Therefore, BK-induced release of 
endothelium-derived vasodilators is receptor-dependent. The present study used 
BK to induce the stimulated release of NO and EDHF to cause relaxation or 
hyperpolarization in porcine coronary vessels. 
6.1.1 Role of EDHF in the regulation of porcine coronary arterial tone 
» 
In the past decades, numerous studies investigated the vasodilators released by 
endothelial cells of blood vessels and concluded that there are at least three ways to 
induce the endothelium-mediated relaxation, including endothelium-derived NO, a 
chemically unidentified EDHF and PGI2 (Palmer et al., 1987,1988; Furchgott and 
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Vanhoutt, 1989; Komori and Vanhoutte, 1990; Feletou and Vanhoutte, 1996; 
Moncada et al., 1976; Moncada and Vane, 1979;). NO and PGI2 have been well 
studied and our work is therefore focused on the EDHF-mediated function. To 
study EDHF, it is essential to exclude the effect of NO and PGI2. As mentioned 
before, L-arginine is a substrate for NO synthesis. Endothelial cells synthesize NO 
from the terminal guanidine nitrogen atom of the amino acid L-arginine (Palmer et 
al, 1988). We therefore used L-arginine analogues, L-NNA to block the effect of 
NO. However, our laboratory has provided evidence that even in the presence of 
L-NNA at a high concentration (300 |aM), there is still a certain amount of N O 
released from endothelium in response to the stimulation of BK (Ge et al, 2000b; 
Yang et al, 2003a). Under such circumstance, the effect of residual NO-mediated 
relaxation and hyperpolarization can not be excluded. HbO, as a NO scavenger, 
has been shown by our laboratory to completely scavenge the residual NO (Ge et al, 
2000b). We therefore added HbO to inhibit the effect of residual NO in the 
present study in order to investigate the "true" effect of EDHF. 
t 
6.1.2 Role of EDHF in the regulation of porcine pulmonary arterial tone 
Although the function and structure of the pulmonary circulation system is 
different from the coronary circulation, similar to the coronary circulation, 
EDHF-mediated endothelial function exists in pulmonary microarteries, as 
demonstrated in our laboratory (Zou et al, 2003; Zhang et al, 2004). In the present 
study, in the presence of L-NNA, Indo, and HbO, the EDHF-mediated relaxation 
was induced by BK in the porcine pulmonary arteries, we have found that the 
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EDHF-mediated relaxation is less in the pulmonary arteries than that in the 
coronary circulation. This phenomenon may be related to the different structure of 
various vascular beds. 
6.2 Alteration of EDHF-mediated endothelial functions after 
exposure to organ preservation solutions 
Organ preservation solutions were initially designed to protect the cardiac 
myocardium or pulmonary parenchymal cells during the heart or lung 
transplantation. Although the composition varies in different solutions, the 
pharmacological principles involved in the protection of donor organs are similar. 
The protection strategy includes reducing oxygen demand, Ca^ "^  overload, and edema 
as well as supplying substrates. As mentioned before, coronary or pulmonary 
vascular endothelium inevitably contacts organ preservation solutions during the 
preservation of donor hearts or lungs. Because of the differences between myocytes 
/ lung parenchymal cells and vascular (endothelial and smooth muscle) cells in 
1 
structure and function, the solutions may have an adverse effect on the vascular 
function. Previous studies from our laboratory have provided convincible evidence 
that exposure to cardioplegia or organ preservation solutions may damage the 
.endothelial function in coronary or pulmonary circulation (He et al, 1996, 1997， 
1997b; Zou et al, 2003; Zhang et al, 2004). This should be taken into account in the 
development of the "perfect" organ preservation solution. 
To evaluate the effect of a solution on the endothelial function, a number of 
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points should be taken into consideration. First, the overall effect of these solutions 
is a result of the combination of the effect on the myocytes / lung parenchymal cells 
and the vascular endothelium / smooth muscle cells. Second, the effect of the 
solution on the individual EDRF must be distinguished. Third, the effect of each 
major component of the solution should be investigated. Lastly, the effect of a 
variety of new additives in the solution may be studied (Yang & He, 2005). The 
present study was focused on the overall effect of Celsior, Perfadex, and ST solutions 
on the EDHF-mediated endothelial function (relaxation and associated 
hyperpolarization). 
6.2.1 Effects of hyperkalemic solution on EDHF-mediated endothelial 
function in coronary and pulmonary circulation 
Our previous studies have demonstrated that the hyperkalemic solutions, such 
as UW (containing 125 mM K+) and EC solutions (containing 115 mM K"^, impair 
the EDHF-mediated relaxation and this impairment is considered to be caused in 
two ways. First, hyperkalemia depolarizes the coronary smooth muscle membrane 
t 
and this depolarization increases the difficulty of the smooth muscle to be 
hyperpolarized. Second，EDHF hyperpolarizes the vascular smooth muscle cell 
through opening K+ channels, the function of which may be altered by exposure to 
hyperkalemia (He et al, 1996a, 1997，1998; Zou et al, 2003; Zhang et al, 2004). In 
contrast, Celsior solution contains relatively lower K+ (15 mM) compared to UW or 
EC solution. It remains unclear whether this relatively low-IC+ solution impairs 
the EDHF-mediated function. The present study, for the first time, demonstrated 
- 7 8 -
Chapter 6 General Discussion 
the effects of Celsior solution on EDHF-mediated cellular hyperpolarization and 
associated relaxation. Our study has shown that with cold storage of the heart 
under a situation similar to the clinical setting, Celsior solution depolarizes the 
resting membrane potential of the coronary smooth muscle cell and reduces the 
EDHF-mediated hyperpolarization and the associated relaxation during the 
preservation period. This effect exists not only during the incubation in Celsior 
solution but also exists when the solution is washed out (equivalent to the 
reperfusion period). During the reperfusion period, although the function is 
partially restored because of washout of the solution, the effect lasts for at least 
30�45 min. This effect is associated with partial depolarization of the cellular 
membrane potential. The mechanism of the reduced relaxation is related to the 
reduced cellular membrane potential hyperpolarization of the coronary smooth 
muscle. Further, the effect of ST is similar to Celsior solution except that the 
recovery of the EDHF-mediated hyperpolarization from ST solution may be slightly 
more rapid than that from Celsior solution. 
/ 
I 
6.2.2 Effects of low-potassium-based preservation solution on 
EDHF-mediated endothelial function in pulmonary circulation 
Perfadex is widely used in the human lung transplantation surgery. 
Experimental studies suggested the protective effect of Perfadex solution on 
pulmonary vascular endothelial function (Ingemansson, et al, 1995; Massa G et al, 
1994)，which was further confirmed in clinical lung transplantation. Compared to 
EC solution, a reduction of perioperative mortality and morbidity in clinical trials 
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have suggested that Perfadex provides superior maintenance of graft function after 
pulmonary transplantation and results in better long-term survival (Muller C et al, 
1999; Struber M et al, 2001). 
Our studies were focused on the EDHF, an important back up to NO. As 
mentioned before, the EDHF-mediated function is impaired by hyperkalemic 
solutions, including UW (containing 125 mM K+)，EC (containing 115 mM K"")，ST 
(containing 20 mM K+)，and Celsior (containing 15 mM K+) solutions. However, 
it remains unclear as to the effect of a low potassium solution Perfadex (containing 
6 mM K+). The present study has shown for the first time the effects of the 
low-potassium based solution on the EDHF-mediated function. We demonstrated 
that no significant differences have been detected on the EDHF-mediated relaxation 
before and after cold storage at 4°C for 4 hours between the Perfadex and Krebs 
solution (control group). Further, the electrophysiological studies have 
demonstrated that Perfadex solution does not alter the resting membrane potential 
of smooth muscle and EDHF-mediated hyperpolarization under the situation similar 
t 
to the clinical setting. These results have shown the superiority of Perfadex on the 
protection of the pulmonary endothelium. 
6.2.3 Comparison between hyperkalemic solution and low-potassium-based 
» 
preservation solution on EDHF-mediated endothelial function 
As mentioned above, we have evaluated several cardioplegia / organ 
preservation solutions. The concentration of potassium contained in those 
solutions ranges from 125 mM to 6 mM. The previous studies from our laboratory 
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have shown that hyperkalemic solutions (concentration of potassium ranged from 
100 to 16 mmol/L) do not significantly alter the function of endothelium 
-dependent relaxation (He et al, 1995) and that K+ at 20 mM does not reduce the 
NO production (Yang et al, 2005). In contrast, as mentioned before, potassium at 
high concentrations may impair the EDHF-mediated endothelial function. The 
study has shown that Celsior, a relatively low-K+ solution, impairs the 
EDHF-mediated relaxation and associated hyperpolarization in both small coronary 
and pulmonary arteries. We further demonstrated that Perfadex, a low-potassium 
based solution, does not alter the EDHF-mediated function in the pulmonary 
circulation. These results again demonstrate the close relationship between K+ 
concentrations and EDHF. 
6.2.4 Effects of other components of organ preservation solutions on 
EDHF-mediated endothelial function 
Mg2+ is another important component of cardioplegic/organ preservation 
solutions. Studies reported that Mg2+ helps to achieve immediate heart arrest and 
I 
2+ 
obtain better membrane stabilization (Vinten-Jobansen & Hammon，1993). Mg 
has also been demonstrated to involve PGI2 and NO pathways and act as a potent 
vasodilator (Longo et al, 2001; Laurant & Berthelot，1992). Our laboratory has 
demonstrated that Mg2+ preserves the EDHF-mediated relaxation and 
hyperpolarization and restores the EDHF function impaired by hyperkalemia (Yang 
et al, 2002a). The present study has shown the recovery of the EDHF-mediated 
hyperpolarization from ST solution may be slightly more rapid than that from Celsior 
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(13 mM Mg2+) solution. This may be related to the higher Mg2+ contained in ST 
solution (16 mM). However, this needs further investigation. 
I 
Similar to Mg，the procaine contained in cardioplegia / organ preservation 
solutions induces asystole and provides membrane stabilization (Vinten-Jobansen & 
Hammon, 1993). Although the BK-induced, Indo and L-NNA-resistant 
hyperpolarization of smooth muscle cells is reduced after superfusion with 1 mM 
procaine, the EDHF-mediated relaxation is potentiated (Yang et al, 2002b). 
However, when procaine is added to hyperkalemic solution that contains 20 mM K+， 
this increment of EDHF-related vasodilatation disappeared. Further, procaine 
does not show any unfavorable effect on EDHF-mediated relaxation compared with 
K+ (Yang et al, 2002b). In the present study, procaine may be another important 
reason that the depolarization induced by ST solution is less than that by Celsior 
solution. In fact, ST, but not Celsior solution contains procaine (1 mmol/L). 
6.3 Clinical implications 
1 
Endothelium plays an important role in regulation of local blood flow by 
releasing some vasoactive substances, including NO, PGI2，and EDHF. The 
endothelial dysfunction reduces the coronary / pulmonary flow that may further 
damage the myocardial / lung function, ultimately leads to impaired post-operative 
performance. It is therefore essential to preserve the endothelial function to 
improve perioperative graft function. NO is a primary factor in mediating the 
endothelium-dependent relaxation. In contrast to NO, EDHF contributes more in 
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small resistance arteries than in large conduit arteries and the importance of EDHF in 
vasodilatation increases as vessel size decreases (Nagao et al, 1992; Shimokawa et al, 
1996; Tomioka et al, 1999). Furthermore, when the production of NO and PGI2 is 
reduced by ischemia-reperfusion injury, EDHF-mediated function become an 
important back-up for the NO-pathway (Feletou and Vanhoutte, 2000; Vanhoutte, 
1998). 
As the relatively new preservation solutions, Celsior and Perfadex are widely 
used clinically. Our present study has demonstrated, for the first time, the effects 
of Celsior and Perfadex solution on the EDHF-mediated relaxation and associated 
hyperpolarization. Although it is unknown whether this effect affects the coronary 
or pulmonary flow, at least Celsior solution reduces the capacity of the flow reserve 
in coronary and pulmonary arteries. In contrast, use of Perfadex for donor lung 
preservation may maintain the EDHF-mediated endothelial function in lung 
transplantation. This should be taken into account in evaluation of the "perfect" 
organ preservation solution. 
I 
6.4 The effect of H2O2 on the membrane potential in rat small 
mesenteric arteries 
As mentioned above, Matoba and associates demonstrated that the 
endothelium produces H2O2 under laser confocal microscope with 
peroxide-sensitive fluorescence dye through stimulating small mesenteric arteries of 
mice with ACh (Matoba et al, 2000). In recent years, accumulating studies have 
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suggested that H2O2 may act as an EDHF (Liu et al , 2003; Miura et al., 2003). 
We therefore investigated the effect of H2O2 on the membrane potential of smooth 
muscle cells in endothelium-denuded arteries with the presence of inhibitors of NO 
and PGI2 to explore the nature of EDHF. The present study has shown that H2O2 
hyperpolarizes the cellular membrane potential of smooth muscle and induces the 
associated relaxation in rat small mesenteric arteries, strongly suggesting that H2O2 
can act as an EDHF in rat small mesenteric arteries. The mechanism may be that 
the rise of Ca^ "^  in the endothelial cell stimulates the activity of Ca^^-sensitive 
enzymes, which leads to the production of H2O2 and subsequent hyperpolarization 
in the smooth muscle cells (Gordeeva et al, 2003). These experiments have opened 
a new area for future studies on the nature of EDHF. 
6.5 Limitation of the study 
The present study is an in vitro experimental investigation at the cellular level. 
The observed effect on the function of the endothelium of coronary or pulmonary 
I 
arteries as a whole remains to be further defined. Further, the study was 
performed in normal porcine tissues, and the differences between this tissue and 
diseased human tissue should not be ignored. 
» 
6.6 Future investigations 
Based on the present study, the future direction may involve the areas as 
follows: 
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1. To clarify the effect of each major component of the preservation solutions on the 
EDHF-mediated function; 
2. To investigate the effect of Perfadex on the EDHF-mediated function in 
pulmonary veins; 
3. To investigate the effect of preservation solution on EDHF-mediated function in 
combination with hypoxia-reoxygenation; 
4. To investigate the effect of preservation solutions on the endothelial function at 
the level of ion channels by patch-clamp technique. 
6.7 Conclusions 
The present study, for the first time, investigated the effects of Celsior and 
Perfadex solutions on EDHF-mediated cellular hyperpolarization and associated 
relaxation. From this study we may conclude that: 
1. After cold storage of the heart under the clinical setting, Celsior, a relatively 
lower K+ (15 mM) solution, alters the endothelial function in coronary 
I 
microarteries by reducing the EDHF-mediated hyperpolarization and associated 
relaxation. This effect exists not only during the incubation in Celsior solution 
but also exists when the solution is washed out (equivalent to the reperfusion 
> 
period) for at least 30�45 min; 
2. The effect of Celsior and ST solutions is similar except that the recovery of the 
EDHF-mediated hyperpolarization from ST solution may be slightly more rapid 
than that from Celsior solution; 
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3. Celsior solution reduces the EDHF-mediated hyperpolarization and associated 
relaxation in the small pulmonary arteries under the situation similar to the 
clinical setting and these effects exit at least for 30-45 min; 
4. Perfadex, a low potassium based solution (containing 6 mM K+)，does not alter 
the resting membrane potential of smooth muscle and the EDHF-mediated 
endothelial function (relaxation and associated hyperpolarization) in porcine 
pulmonary arteries after cold storage at 4°C for 4 hours. Preservation of donor 
lung in Perfadex solution may maintain the EDHF-mediated endothelial function 
in lung transplantation; 
5. The above observations were obtained from in vitro animal studies and should be 
carefully transferred to the clinical setting; 
6. H2O2 can hyperpolarize cellular membrane potential of smooth muscle in 
endothelium-denuded arteries with the inhibitors of NO and PGI2, suggesting that 
H2O2 may act as an EDHF in rat small mesenteric arteries. 
I 
> 
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